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A. V. Seregin

Liquid Rocket Propellantg

Most of the rockets designed today employ chemical
fuels. These are substances which as a result of.-chémical
reactions emit heat conveyted by various engines, inoluding
‘rocket engineés, into work, ' L

The state of aggregation of these fuels may be 1liquid,
solid, gaseous or a corbination thereof. For a number of

reasons raokets use only liquid orxr solid propellants,'and,,
very rarely, combinations consisting of one liquid component
and one solid component, ' s ' |

Liquid propellants are fuel mixtures, whose components,
used in the rocket, are fluids, - )

The present book, compiled from data of tﬁg foreign
literature, describes the basic properties of liquid rocket
propellants and the characteristice of their application'dhief-
ly in liquid propellant engines. . '

The book is designed for masfer-sergeants,:sergeants and _'
privates of the armed forces, as well as civilians interested
in the problems of rocket technology.
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ANTRODUCTION

In the history of humanity the twantieth century 13 marked by
an unprecedented social progress, In our oountry, the largont
country in the world, the building of socialist society has been
completed. At the 22nd leeting the: CPSU'adopted & new program ==
the building of commnist sooiety. |
' Comrmunism is not only the elimination Qt all social inequa-
lities, but it is also the highest step in the evolution of men's
spiritual and material life. The CPSU program underscores that -

. "the achievements of Soviet science are a clear’ tmanifestation
of the supremacy of the socialist ordef, an index of the unlimited
possibilities of scientific progress and its growing role under
socialism.” Our country was' the first 1n the world to employ
nuclear energy for peaczful purposes; by launehing artéficial
earth satellites it paved the way into outer spaoo. In its
program our party pledges that one of its tasks will be "the
further rapid development of advance rocket technology first
of all in the field of air transport and also for the conqneat
of outer space.” -

Rockets are not only means for penetrating into outer
space, exploring the planets and the sun, but they are qlao
basic weapons of our army. The CPSU program sayq'thpt "the
Soviet State will see to that its armed tbrcci*bg'pbwnrfhl‘and
be equipped with the latest means for defending the Féﬁherland,
such as atomic and thermomuclear weapons, rockets of all ranges...”

Man had knowledge of rockets sinoe the eariiest‘times. There
is evidence that the first rocket appeared in €hina pany yeata
prior to our era. Yet, despite suoh a long history, until the
forties of this century the development of rdoket-propelledvohnnos
" "™ was at a very low level. The lagging behind of recket
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techrology during the first half of the tventlieth century is
.éhiefly due to the.insufficient deveIOpment of soienoe and

- "technology. The modern lon range rockets are the Tesult of.

- concerted efforts by. nearly all the branchee of .acience -~
physics, chemistry, radio engineerins. mathematics, metallurgy,
thermodynamics and others, The level reaohed by»rookqt tpqhno-
logy in any country is an index of that cohn;;y's o&efall‘deyglopA
ment, It is for this reason that serious progressiﬂn designiﬁg
rockets capable of flying hundreds and thousanda of kilometera '
can at the present tinme be achieved bx\only two eountri;gagﬁﬁgy
advanced eoonomically and industrially, the Soviet Union .and the
United States of America. It is significant that in rocket
technology the USSR has a long lead over the USA.
' The characteristics of a rocket depend to a great extent
on the proper choice of the propellant. its power and performanoe
parameters. In a rocket ready to launch on the pad fuel repre- -
' sents the chief part of its weight, In long-range rockets a con-
siderable - portion of weight atr":g‘f‘g is ia/l/@_:;l'up by the propellant.
Further improvement of rocket engines is aimed in the first place
at depising and appljing new, more concentrated sources of energy
suited for use as propellants of rocket engines;

FTD=TT-63-98/14+2




Chapter I.

GENERAL __ DATA

gection 1. Liquid Rocket Propellants

In 1iquid rocket propellants the heat %0 be gconverted te .
work is most frequently obtained as a result of the chemical re-
action of combustion, i.e., a turbulent reaction from the oxida-
tion of one-substance by another. The oxidizing substance is
called oxidizer, and the oxidized substanoe is called .g,;g; ,

In other heat engines usihg liquid propellant, including
ram-jet _engines, the vehicles carries only the fuel while the
oxidizer (air) is taken from the surrounding medium. Vehicles
driven by liquid propellant ro‘cket engines (I.P’R_E‘l drrte_d both
the fuel and the oxidizer. Hence the propellant -_cib‘,fln LVRE is
understood to be the totality (propel'lant oonpostt:ioiﬁ of sube
stances partieipatihg in the chemical reaction releasing heat,

The substances éntering into a propellant eomposition aro-
called components, ,

Bypropellants (Fig. 1) consist of two separately -atorqd
fluids (components) of which one is the oxidizez (1liquid oxygen,
nitric acid, liquid fluorine, eto.) and the Otm the fuel .
(kerosenes, alcohol, etc.). ' ~

Heat can be obtained, however, not only tron tho chemioal
reaction of combustion but also from such other ohenioai reaotions
as, e.g., the decomposition of certain chu:ioal oonpounds, and
others, ’ .

When using the decompositi on reaction to roloau heat in
the LFRE we can obtain a propellant consiatmg only of one com=
ponent and which is called a monoprope 1lant. - )

Another method for creating mopopropcilantn- l’d €0 prepare
mixtures of fuel and oxidizer which under normal conditions do
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- not iznlte spontaneously and can thererore be carried in a single
contalnorl. _ . .
, F‘requently various admixtures are 1ntroduced in tho propellant A
‘ components, e.8., to creato ‘better conditiona for the flcw of the '
raactlon. or to slow it dovn or stop it ul together, In tho former
“ ‘case t.hey are called catalyzers, and in’ the latter 1nh1bbt.orl. "
Dependins on whether the propbnant starta burning vit.h or
~ without an external flamo. they are clauifled as hypersolio and

. ancrgolic propelln.ntl.

A Aocke;: ;:rc- T ,

’ pellants ST Ty
sol1d | = |Hybria] = {riquia |}
Monopro- l!/Pr o}

pellants . pel’lun L) P

oy )|

Coy - - . {

(Todividua Fuel=- | - ‘ — "
chemical | oxidizer Hypersou: ‘Anergol1d|-
substance | mixtures . o i .

Fig.”l. c}assificafion of 1liquid rocket ﬁropella?nts

\

The cholce of the propellant for the LPRE depends on the
purpose of the englne and of the rocket itself, and also on the
state at which r&cket technoiogy finds itself at that time. To
understand theéé questions we must acquaint ourselves with the

ead

design of the engine proper and study sone general problems re-

Pl
t

la.'ting to the use of roclket propellanis in LPRE's.
- 5 - '




ection 2, Rocket ver P1

The rocket power plant is understood to be the &otiliﬁy.of
all the @hiﬁl designed to set the rocket in motion. It oonpilta
of tho‘rockot engine (RE) ﬁroper;_the prop;llnnt tanks, ljltois
for feeding the propellant into the cozbustion chémbor and the ‘ .
automatic devices controlling the engine's perfor;anéo{d H_;.

The rocket engine consists of three basic parts (éis.'é);
injector, combustion chamber and nozzle.

Injoctory. chamber- - lozzlo‘

mmhaa

o Oxidizet~ I ,
Fig. 2. Diasram of rocket ensino ' |

The ggéine injector contains the holes through which the
poopellant components are fed‘into‘the combustion chamber, They
must be so pl#ced as to ensure the required spraying and mixing
of. propellant components fed into the chamber. The ¢egree of .
spraying and mixing of propellant components dapends on tho

nunber of spré&era and on thelr design. The many delisns exist-

‘\




Section 2, Rocket Power Plant

Tho Tocket power plant 1s understood to be tho totality of
all the unitu designed to set the rocket in motion. It oonpiot.
of tho_rockot‘qnsino (RE) proper,.tho propolllnt tanks, ljltdi.
for reédins‘tho'propollant into the coxzbustion qhimbor and tho
automatic devices controlling the engine's perror;nnéoﬂu

The rocket engine consists of three basic parts (fie.'z)s
injector, combustion chamber and nozzle.

Injectory. .

Oxidiur . .
Fig. 2. Diasram of rocket ensino

The ggéine,injector contains the holes through which the
poopellant components are ted‘into the combustion chamber. They
must be so pléced as to ensure the required spraying and mixing
of propellant components fed into the chambsr, The degree of
spraying and mixing of propellant components depends on tho

nunber of spra&ers and on their design. The many designs exist-

AN
- '.':'.‘ )
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1ns oan, accordlna to the operation principle, be grouped 1nto

two classes, centrlrgg_l and Jot manifolds. ' ‘ j_‘”
) The latter are verz,aimple in design, being small-slze holes
(of from 0.8 to 2,5 mmin dlameter) drilled into the in ,gctar head -
in such a taehion that the fuel and oxidizer Jete onitted by them
collide, thereby providingug.thoroueh eprayins-and mixing, _

The advantage of jJet hayifolds consists in the simpliclty et ,;
| their design, Propellants with & high viscosity and high eurteee‘;
tehs;on,'however, are 1neuffioienfly atonized and ftAtedmixed o

vhen fed into the combustion chamber through jet manifolds; this

~ leads to incomplete burning of the propellant and to a }eduoea

performance rate of the engine, . , . - ‘
Centrifugal manifolds are more complex in design but éhey

ensure, with the same pressure veriation a8 in jJet manifolds, a

s - .
D e T U S U S .
o

‘better spraying ef the propellant and, hence, a better intermix- .

ing of the components, Prior to being injected 1hto‘the combustion

chamber the propellant component is whirled in the centrifugal

manifold,whence the fluid is ejected in the rorm'or & thin filn o |

vhich readily disintegrates into droplets. ﬁhi?iiﬁiﬁi of the

propellant 1s performed elther by means of a spetbal screw in- f
serted in the centrifugal manifold (Fig. 3, a) or by so intro-

ducing the £1uld Into the hollow of the manifold that prior to

ejection it acquires a certain rotative speed around the mani-

fold's axis (Fig., 3, b). This 1s attalned by anectins the fluid

laterally rather than axially. Such manifolds arc.hunva a8 '
gggentla; centrifugal manifolds, i '



Section A-A'\

WIJ///
N

‘Whirl sc:rev T % Liqﬁi&'inlei

‘Fig. 3. Eccentric manitoldss
a --with whirl screw; b - with side inlet.
The oxidizer e.nd fuel manifolds in the iudeotor heed are

arranged in a certaln order -~ checkered, honey-combed, concentric .

(Fig. 4).

" ‘o-Oxidizer manifolds
‘=-Fuel manifolds-
Fig. 4 Arransement of Hanifolds in Injpctor.

a - staggered; b - héneycomb; ¢) concnetriec

—

To form a protective cooling film on the combustion chamber '
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wall' and the manirold. a number of fuel injecbion holes is pro-
vided on the borders (periphery) of theindo°t°r4ﬂ1e ruel injected,
‘:from these holes nixes with the oxidizer only in part, vhile ite
bulk hits the combustion chamber vall vhere it rorme a fluid
Vrih which in a certain distance rrom thehxo:“becmes vapor. ’
This vapor film covers the engine valle to the nozzle exit Itl‘,e
purpose is to proteot the combustion chamber walls and the nozzle a
rrom the action of hot gases which are the productl of propellant
combustion. ‘ ' T S R
Host of the existing LPRE's use centrifusal manifolds since
they ensure a better atomization of t.he fuel than jet manifolds.
For propellants whose components occaslonally ignite spontaneously, |

-]

Jet manifolds are used. oo o
LPRE gombus&ion gnamberg may be of vaxﬂouu ehapes. e.s..
¢ylindrieal, spehrical, pear-shaped, oto, ] ‘ _

The processes taking place 1n the cOmbustion chamber are the '
alomi;atioﬁgr propellant components, their mixing and, of course,
combuetion itself. Chemlcal energy in the propellant is'comverted
by combustion . to heat energy. Deslign and size of the‘chamber,-
must be such that the propellant can burn up compietelp,‘i.e., that
the conversiom of chemical energy ;;to‘beat energy be as complete
as possible. | ‘ ‘

Completeness of propellant combustibnudependq, on the one
hand, on the time the propellant stays in the combustion chamber
and, on the other, on the chemical -activity of propellant componento,
i.e., on thelr burning rate. The greater the propellant burning
rate.‘the less time it is reqnired to stay in the chamber.

Propellant residence time in the chamber can be determined

by the size of reduced chamber length,
- -




This 1s understood to be the ratio of combustion chambor
volume Ven m3 to tho aree ofthroat (narrowest) -t eross-:
section ?cr"f‘ : | S

» V.
l‘;aa —’Tﬁ-b’

, - o _ ‘ v

The greater the reduced length, the longer‘the propellanf haérto
stay in the chamber, the more complete is its combustion, and
the more complete will be the conversion of the propellant'l
chemlcal energy * to heat energy. The reduced length of the
tonpustion chamber, however, cannot.bg increased ad infinitun
since for an assigned combustion prés;ure this will lead to an
increase in the chamber's dimensions and, consequently, to in-
creasing the engine's weight., For this reason it 1is sought, as
a rule, to have the LPRE chamber of exactl;:iength required for
a perfect'combustion of the propellant, .

Completeness of combustion in the chamber is rated by the

pressure __.pulse, This is the ratio of the product of pressure

at which propellant combustion takes place in the engine-chambqr
times the throat cross-section area, to propeliant consumption
péf éecopﬁ:
e
G.sec- L
vhere /3 is pressure . pulse, in kg sec/kg;
p 18 pressure in the combustion chamber, in kg/cm

Fog 18 the fareal: . . ' throat ' - cross-section, in cn?;
Gyo 18 Propellant flow rate”  per second in the

engine, in kg/sec. '
The greater the pressure ' pulse ¥alue, the more complete is
" propellant combustion., This value can be defined experimentally

- 10 -




~and by cohputatlon.

. Theoretical campu,tation of prel.sure‘ pulse value 1s done undep
the assumption that 100% of the propellant injected into the - |

combult.ion chambor 19 tra.nsrormed into combuation produots. By

camparins t.ho t.ho“oret:lul prusuro pulu with t.hut dotermined ox-
’perimontally wo can define the ¢ _b__;g ggg:;;gign& “+which she\u
the portion or. propella.nt injected into th. combuut;qn chanber

that participates in the combustion re‘a’otlox‘x':‘ SR '

K “PQ

Combustion chambers of modern LPRE have high values of ?oh |
(from 0.95 to 0.98). 'Thus, chenlcal energy of the propellant . ' .
in the combustion chamber is almost entirely converted into
heat energy. = | ET )

The nozzle at the end of the combustion cham'ber is a combina~
tion of a converging and a diverging cone, The purpose ‘of the '
nozzle 1s to accelerate the gas from |  velocitles of several -
tens of meters per second tc veloclitles of a thousand meters per
second, 1,e., to convert heat energy releé.sed by the proi:ellant :
burni.gu in the chamber ': to kinetlc enersf of the Jet (velocitj
energy) of éases ejected by tﬁe rocket -- the cox_nbustion'préducta.
It 1s in the nozzle that ‘the reaction or thrust mbdving the rocket
is formed, , . | :

In the ec;nvergins cone of the nozzle the Jet of propgllant .
gages 1s accelerated to sonic veloc}pies. In the thrdat: the
gas Jet: af.;aim . r 7, & veloelty equal to that of sound 1n |

y

-1 - L, =




a gas at a temperature and with a cpmposition in this croes-
section, .

The speed at which sound propagatés in gases 18 not cpnstant.
It dep;nds on the temperature and composition of the medium and
1 defined by the formula B | '

=y HeRT,.

wvhere a is speed of sounad, n/8ec; ,
k 1s the exponential adlabatic expansion curve, deponds on
propellant composition; '
g 18 acceleration of gravity, m/5002;.
R is the gas constant, kgm/degrees kg mole;

T i1s absgolute gas temperathre, °x (absolute temperature is
equal to gas temperéture in ?entigrades plus 2730, measured
in degrees Kelvin),.

In the diverging part of the nozzle the gas attains :supersonic

velocitles, | '

As 1t moves through the nozzle, gas pressure cqnstantiy drops
from a value equal to combustion chamber pressure, to pressure af ‘
the nozzle exit, _ s

.Pressure at nozzle exit may vary according to the seometric‘
shape of the nozzle, Nozzle dimensions are go chogsen that at the
exit pressure of the expanding gas Jet be equal to ambient pressure,

.1.3., to the pressure of the medium in which the engine performs.
Under such conditlons, engine performance 18 most economical.

As fhe rocket is 1ifted to high altitudes its engine operates
in & medium wgth varlable pressure, Var;ations of ambieﬁt pressure
can virtuglly take place from 1 kg/cm2 (engine per:orms on the

ground) up to pressures equal to zero (the rocket reaches altitudes

-. 12 -
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' ‘;ing onqlno.

of about 100 km and higher . Hence pressure at nozzle exit is

chosen for high-altitude rockets in accordance with thp altitude
&t which the rocket is expected to stay longest #ith a.'_'pértorn-

The sre;.t.er the expansion to which the guol in tho nozzlo ‘
are lubjoctod, the sreater tho oonverslon rate of heat. energ: in-
herent in them . .to kinetic Qnersy ot the gln th, | ‘

Depending upon the composition of propellant ooﬁbdation'
products, i.e., On the type of prOpeilant, conversion of heat |
energy into kinetic energy occurs at varying degrees. Since .
wlith identiocal temperature and pressure the volume of Qarious
gases with a weight equal to thelr molecular welght is identical,
it follows th#t fhe emaller their molecular weight, iho larger .
the volume taken up by Y kg of combustion products., Thus,
the smaller the molecular weight of combustion products, the
more gases are being formed (&ll other condltioﬁs bgins-equal)
and the more work they can perfornm,.From this viewpéint the
best propellants are those with ihish hydrogen content since

large quantifies of water vapor H,0 with a low molecular weight

(18) are being formed &% they burn. Propellants with a high

carbon oontent are of the loﬁest'quality since during combustion

carbon forms carbon dioxide COp with a molecular welght 44. Even
be found'
lover properties will A propellants using metals as fuelss,

e,.8., aluminum whose oombustion 1s accompanied by the formation
‘of alumina Alp03 with molecular welght 102,
Gases passing from the coﬁﬁustion chamber into the nozzle
Yave a spetific mérgin of heét energy equal to the pro&;ct of

their specific heat and temperature. Gas temperature in the

- '13 -



chamber is about 3,000 to 3,500°C, At the nozzle exit 1t is lower
than in the combustiori chamber, yet it may still be suffioclently
high (about 900 to 1,090°dL Thus, gases ejected from the englne
through the-nozzle st111 have a large margin of heat energy. .

The distance between heat energy in the gas inside the com-
bustion chamber and its heat energy at its exit from the nozzle
into the surrounding medium corresponds to that amount of heat
energy which can be converted '~ to kinetic energy of the ejected
gas. Jet, . However, not all the heat energy difference is fully -
converted .to kilnetic energy, a part of it nioat in the nozzle
to friction, heat transfer to the walls, to the formation of the
Jey veloclity component directed perpendicularly to the engine '
9xi€n. and therefore not producing thrust, etc. These losses are
known as nozzle coefficient. ‘ As a rule its value ¢, ranges from
0.92 to 0.95, 1.,e., from 8 to 5% of heat energy is lost in the
nozzle for no purpose, '

The product of chamber coefficilents and nozzle coefficients
yields the aggregate value of the engine coefficient, also called
the specificimpulse coefficient. The engine coefficient shows the

extent to which engine design is perfect fron the viewpoint of
converting in it chemical propellant energy ° lto kinetic energy
of outflowlng combustion products.

Section 3. Engine Cooling

As the propellant burns in the combustion chamber, exceed-

ingly large amounts of heat are released; To compare various

- 14 -
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ensinea to each other by the thermal etrese 1n the combuetion
ohambers, the concept of total calorigig valug gg p gg;lan§ hae
baen established. This 1s understood to be the amount of heat
released in. u volume unit of conbustion chamber where propellant
combustion takee Place, ‘ ;.' , K
| Liquid propellant rocket englnes are maohinee under heavy
thermal etress. Following are total calorifio values of propellantl
for gome heat ensinelz ’ , ' ,
LT . Total calorirlc value.

koal/l
Modern water tube boiler . 0.3 - 1.0 -
VRD oombustion chamber ' . 22,2 =33,0

LPRE combustion chamber ’_ , 500 =~ 4,700

As 1g seen from these data, thermal stress of rockef'enéinel<

18 hundreds and thousands of times higher than that of other heat
engines, Heéence i1f cooling has not been carefully devlisedy -the _'
material of the rocket engine will not withstand such high thermal
stresses and " . burn out. The problem of cooling the rocket en-
gine is complicated by the fact that ouly swh propellant com-
ponents - can be used as‘a'coolent' which, as a rule, have '
a 2ower cooling power than water,used for this purpose in nearly
all the other types of heat enginel. -

~ There exiet two methods of cooling rocket engines, eiz.;
regenerative (external) and teggg; coollns. '

Externally cooled combustion chambers and nozzles are pro-.
vided with double walls. Calibwated vwires or special extrusione
provide between the 1nner and outer wall al to 1 S-mm clearance

- 15 -




which represents the cooling Jacket One of the propellant com;

ponents used ass a coolant is fed to the collector in ‘the nozzlo

and passes then‘ﬁyfogsh the cooline Jacket washing the inner wall

of thooensine.‘ éﬁ;ﬁ the Spacefboiond the jacket the component

flows to the injector and 1s admitted through its holes to the

conbustion chamber, - -
tYhen flowing through the cooling jJacket the propellant component

is usually heated to about. 100 to 110 c Irrespective of how

intensive external cooling may be, virtually no heat is lost since

that removed from the engino by the coolant returﬁs almost entire-

ly to the combustion chamber as the heated propellant component

 flows into it. Hence with external cooling & minimum amount of

heat should be removed from the engine to prevent pltting of the

walls. But the magnitude of the heat flux removed .in external

cooling is limited by the properties of the propellant components.

For example, in cooling with kerosene (or any other hydrocarbon

fﬁel), ab a teumperature known as thermal decomposition temperature
the kerosene beging to decompose.

Thermally decompoging hydrocarbon fuels separate sollds with
a high carbon content which precipitate on the engine walls, .This
deposit has a very low thermal conduction, owing to which heat
transfer from the heated engine wall to ﬁhe fluid sharply drops
and the combustion chamber ignitlon plate may burn out.

Of great importance is such a property of the propellant
component as bolling point with pressure in the cooling jacket. : -
If the coolant boiling point is sufficiently low, already at '
low heating the fluid boils neor the comoustion wvall surface,

Surface boiling, if not too intensive, may even improve cooling. }

v - 16 - a . . !




Bubblee 1~prove the mixing of the coolant and, nence. 1mprove heat

' ‘transrer to the fluid But if near the cooled qurtjace there forms
‘s solid vapor fila rather than individual bubbles, then 1t will

'A prevent Xeat transrer from the engine wall to- the coolant by act-

"7dﬁ'1ng as some eort or a thermally 1nsulat1ng layer because ‘of 1ts

. Yow heat oonduotion.
‘ Rocket ensines with an operation duration as short as one .
minute cannot always be cooled. by regenerntive meane alone. The
englnes of long-range rockets operate for 1.5 to 2 min and more.
To prevent %he burning out of nozzle and combustion chamber walls,
such engines,in addition to external cooling by one 6f the propellant
copponents, must also be cooled internally.
This is effective by feeding one of the propellant components

(usually the fuel) to the combustion cha.mber wall. Then therelrormn
- a th}n fluid film which protects the wall against the immediat; actién
of hot gases. The propellant component producing the protective
£1lm can be fed to the wall at any cross-section of the combustion
chamber, The simplest way 1s to supply the component through
holes in the border of the . _ injector.:c.. The fuel film on the
wall's surface hardly mixes with the oxidizer, hence near the
_s.*’injector 14 does virtually not participate in the'combustién
process: Further away from the injéé%&fl'Tfﬁi the film becomes
thinner on account of evaporation. At a certain distance from -if:
;nllian\Lgrﬁ'the fluid fiim evaporates completely and becpmes‘a
vapor film, fhe latter gradually mixes with the combustion pro-

ducts, burns out &nd becomes thinner and thinner towards the

nozzle exit,




In sonme rOcket'ensines the protesctive film adnitted through
h‘oigg" in the . 1n390';0r does not reach the throat because it
iﬂf}nllyleliminated by burning-off and miiing with‘burning gases,
Such. engines are provided‘with several cooling belts;. AR a certain
distance from the }njecté:;-,i h&les are drilled into the combustion |
chember walls through which the fluid component 1s emitted frem
the jacket space. These 11:g§medlate cooling belts mqke it possible
to obtain a protective fllm .. the entire combustion chamber length
to the nozzle exit,

'Unlike the cage of external cooling, héat losses-arg involqu
in internal cooling. The fuel admitted directly to the combustion
chamber wall does not mix with the oxidizer. .As 1t flows along the
wall to the nozzle exit, the fuel burns out only in part, while
most of 1%8 7Ef}339%y the nozzle in the form of vapor. Conseguent-
1y the combustion chamber coefficient which indicates the part of
the prbpellant injected into the engine which burns out completely,
decreases, 1.e., fuel recovery rate decreases, Racket engines are

therefore chiefly externally cooled, and internal cooling 1s used

only as sécondary to regenerative cooling,

Section 4, Analysis of Rocket Propellant Efficiency

Propellants are a source of energy vwhich through the eﬁgine‘
1s imparted to the vehicle. Veloclty and range of the vehlcle
with a specific propellant load depend on the efficlenecy of the
propellant, Thepe are two methods for evaluating this efficlency,
the thermodynamic and the ballistic method. The thermodynamie ‘

analysis disregards the mehicle's structural characteristics.
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The nethod. consists in determining the thrust of the eneine per
one kilogram of propellant consumed in one second. This quantity
ia known as sgecifie impulsg. The propellant's efriciency is
directly proportional to its- speeific impulee. T

The latter can be determined by elther test, directly in thoV
engine. or theoret.ically by computation, 'i'he value of specifio
'impulhe depends not only on the propellant's power pargmetere but
also on the combustion productz expansion rate . &8, they are
ejected from the nozzle., Thus a propellant tested in:;nsine
having identical pressure at nozzle exit (e s.. ambient pressure
1 atmoephere) and a different pressure in the combustion' chamber,
develop a specific Iimpulse all the greater the higher Bpressuro
is in the combustion chamber. Hence the power parameters of various
propellants must be compared to one another identical application
conditions in the engine,

The power parameters of b%propellants also depend on the ratio.
.at which the components are admitted into the engine's combustion
chamber, That comgonent ratio at which the oxidizer Juat suffices
for a complete coqpstion or the fuel (carbon up to Co and hydrpgen
up to Hao) is said to be stoichliometric . It is known. howeyer.
that to obtaln maximum specific impulse the propellant componants:
should be injected into the enéine notaﬁ.; stolchiometric ratio
but with a certain fuel surplus. . '

Evaluation by test of the efficiency of rocket propellantl
is carried out on stands‘by measuring the thfdat developed by
the engine and propellant component flow 1“'~t‘5".:":"‘:-,pe1:' seqend. ‘Engino
thrust is defined for various ratios of oxidizer and fuel, and

thus 1s found the optimum ratio which with a given propellant
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consumption ylelds maximum thrust. Speciflc impulese is defined
as the ratio of thrust developed by the engine to propellant
f1°W_raF°; . per_gecond, i.,e., the aggregate oxidizer and fuel
f1°W'f§fO. . per second. ' ' . )

'Spécific'propellant impulse ia but‘slightly dependent on
tﬁe engine's deslgn features. For this reason specific 1mpuiao
calculated theoretically is in good agreement Qith that experi-
mentally determlned at the stand,

To determine the propellant's performénce parametérg, by.
: computatioﬂ we mugt ¥now the composition and temperaturé of
combustion products formed in the engine's combustion cﬁamser
at a prescribed pressure. If we know the composition oftikhe
oxidizer and the fuel, i.e,, the number of atoms constituting
thelr molecules/we can write tLe equation of the combustion
reaction taking place in the combustion chamber and thus deter-
mined the composition of combustion products, For example,
if kerosene 1s burned in liquid oxygen at a stolchiometric
ratio of components, the combuation reaction equation takes the
‘forms:

07H16-F 1102 -=> 70024-8H20

'kero- oxy- carbon water
sene gen dioxide vapor

From thils equation we.can\easily determine the amount of
combustion pfoducfs formed, that is, the amount of carbon dioxide
and water Qapof. "

Since the amount of heat released By the formation of carbon
dloxide and water vapor is known, the overall heat generated by
combustion reaction also becomes known, '

Such a sinplifi ed computation, however, gives only an appra -
Amate answer to the question as to the composition of combustion
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~products of the rocket prcpellant and its efflcienoy. h'hen the
propellant burns in_ the engine s combusuon cha.mbor. t.emperatures
'or about 3,000 to 3,500 C dre spneratod At such t.omperat.uru
the fuel oxidization produots (ca.rbon diox.ldo and vat.er vapor)

.‘dissociato. This proceu is know as thermal dggggggg B- The

' : bust
‘ hisher tho prcx:»elil.a.ntfwmll x' .1:° tempertture, the hrol.tor tho rat,o

of gas diseociatlon' The la&er forma a number of hov gaseous
gubstances such as carbon monoxide co, nitric oxide NO. the radical
:"OH » a.tomic ard molecular hydrogen H and Hz, atomic a.nd molecular

ni.troson N and N2 and others. As pressure in the conmbustion

chamber mcreaaes at the same temperature, digsociauomor coRl=
'buntion productl decreases. |

Thus propellant combustion in rocket engine combustion chanbers
1s associated with the formatfon of combustion products which are

a mixture of various gases. Dlssociation, i.e., decomposition of

complex moloouios into si;npler and lishtor ones, on the one hand
lowers the tbmpera’.tqro in the chamber since ﬁeat 1s being absorbed,
a'xid 61{1 the cother hand it forms gases with a molecular weight smaller
than that of the initial combustion products, To compute the
temperature and composition of gases (propellant combustion pro-
ducts) 1s quite laborious., After this has beer)ﬁomp]:o/t:;.o», specifie
1mpulse which is the basic. perametep: 'of::ithe efficlency of rocket

propellants, is defined by the formula

.. l—l
P” l—-l[ ( ]" : ' (1)
wvhere R 1is the 5as constant, kg-cm/desrees, kg mole. . |
4'1‘ is combustion product temperature in the chamber, °x;

k is adlabatic pressure index;
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P, 18 pressure at exit plane of nozzle, xg/cn?;

p, 18 combustion chamber pressure, kg/cm?,

The . .
A Specific impulse calculated in the above fashlon 1s 1deal,

It could be obtained if there were no losses in the combustion
chamber or the nozzle. But since there.are always loaséa in
the combustlon chamber and the nozzle, and their values are
usually known for englines of speboific designs, actual snncific
impulse 1is foundto b"t,he product of theorgtical specific impulse
P times coefficlent ¢ vhich conslders the losses 1n the

8sp, th '
nozzle and the combustion chamberg

cpf:i;‘ﬂé
V.Where ¢z tncec‘ ‘ .;

We see from formula (1) that specific impulse depends, on the

one hand, op_thé expansion rate of gases in the nozzle as they are

expelled from the englne, which is considered by the faotor

vfl__é;32§2 and, on the other hand, on the type of propellant,.

With- one ﬁnd thé same expansion rate of vombustion products in the.
nozzle, specific impulse depends only on the char#cteristics of the
'pgopellant employed., As is seen from the formula, specific impulse
is the greatép; the hishe;‘;ropéllant combustion temperature; this
temperature, hovever, 1s proportional to propellant calorific power.

Hence the chief specification for a rocket propellant is h T_gg

caloriflc power,

Specific impulse 1s also proportlonal to the square root of
R (the gas constant of combustion products) which is R = 8484/;,
l.e., &t 15 equal to the ratio of the universal gas constant to




the molocular velght of the given gas. This means that with -
ctlorifio valuu lpoeuto 1mpulne will be higher in those propenmtl :
. vhose- combuntion produots havo a smaller molecular welght,
. m\tn, the propollant requiremonts spaciriod u,rlier a.ro now
Bho thoorot.ictny corroboratd,, o CT . : E
gg;_ig;__g_gg MW The chief propellant effi--
olency characteristic for the ballistic evalustion is the range "
of the rocket or its maximum veloocity at the end of the active .
“ssobor, 1.e., at the instant of total propellant utilizstion. Nexi-

zun rocket volocity can be derined rrom the w_kgm;umgm

vt
L @
vhere V is rocket velocity_ ;,i the end of sotive sector, m/ 800}
1g 18 logarithm signj o
g is acceleration of gravity, m/ioo’; |
P.p 18 specifioc impulse of ensipo operating with a given |
propellant, kg sec/kg; ‘ _ '
Gp is weisht of propella.nt carried by the rocket at take-off,
tons; \.: o ‘
@, o 18 rocket weight without propellant, tons.
The welght of propellant in the rocket can be represented as
the product of mean specific propellant weight 4 and the volume of
" rocket tanks Q ?

." -Gi»g % ‘
Then the Tsiclkovskiy equation can be written
, Pya  Qdy\
vV =234 g B).
23788 e ol
The. ratlo of tank volume to dry walght' of rocket ia the roocket
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design cheracteristic (design index or weipht wuality indicator

of the rocket). Dn comparing rocket propellants with one and the
same welght quality indicator the latter can be set'equél tovunlty‘
in the veloclty equation, In so doing the Tslolkovekij equation (2)-
permiis to determine the effect of the propellant parameters aloné

on maximum rocket velocity at the end of the active sector:
v=23%p1g (1 ),
SEEROR S A

1,e., the veloocity of ... . the same rocket propelled by differeént
fuels depénds on two gndicatorg, specific 1mpuls§ of propellant
and density of componéﬁts. A propellant 1s all the more effective,
the greater '8 gpecific impulse and its density.

Computations show that for long-range rockets it is ﬁore ;x-
pedient to chooge propellants with high performance parambiana,
l.e., propellants with high speéific impulsee, even if thelr
densgty is low; wilth increasing rocket range, propellant density .
gains in importaqce. '

Section 5, Propellant Supply Systems

Rocket propellant tanks are designed to hold the propellant
required for engine supply. From the tanks the propellant is fed
through conduits into the combustion chamber, '

To inJect the propellant into the combustion chamber, it must
be imparted a pressure in any case slightly higher than combustion
chamber gas pressure, Propellant pressure should, moreover, be
increased by a quantity required for 1ts atomization and mixing,
and also by the amount of frictional 108595 and propellant whirls
in the lines. The propellant can be fed into the engine elther

by foreing it out of the tanks (pressure feed system) or by
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pumping it fronm the propellmt'tann and oreaung the required

toqd prueuro 4n the lines behind the pumps (m_mg feod !u ten).
In thq forver feed asystem tho required pressure in t.h‘o pro-.

_pellant tanks can be achieved in various tuhion-. Thqro_.h. for .

| oxmplo. the pre

, wur_.m_hto t_&_!.m.elmue._&h M)

Gas_pressire feed aystem (Fig. 5). From the tanks the pro-
| p'ontnt is &ipplaced with a gas (1sun111 air) and transferred '

into the engine coubuetion. chamber. If air is used, the feed

system is called one with an _ag_ms_s_tge_agg_ugx_la_tgg (APA)
The vehiolo carries the gas in a tanx at high pressure (sbout.
200 kg/u ).

 From tho high pressure tgnk the gas 1s fed to the propol".lmt
tanks through & regulator which reduces gas preuuro in the tank
to values required in the propellant tank and, moroov}ei-, main-
' tains the propellant component tanks at a constant lavel,

The drawback common to all gas pressure feed asystems s the

gas load of propellant ta.nlés vwhere duﬁng enéj.‘ne "Performa.noo- a
pressure of 10 to 15 kg/cm (which exceeds that in the combustion
‘cha.mber) must be maintained. ' This requires 'ta:mks with strong,
thick walls. Propellant tanks in rockets with gas pressure feed
systems are therefore very heavy and take up & considerable portion
of the vehicle's total welght, As combustion chamber presiu;'o
increases, the welght of propellant tanks 1ncreaaes_u. well.

Gas pressure propellant feed sybtem are only used with
rocket power plants pér:orming af. combustion cha.mberlvpreutire;. .
not excoédi_pg 20 to 25 kg/om .
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Fig. 5. Schenatic of‘éag prespure feed system

1 - High pressure gas tank; 2 - Start valve; 3 ~ Pressure regula-
tor; 4 - Check valve; 5 - Unobstructed blowback diaphragm; 6 -~ fuel
tank; 7 - Oxidizer tank; 8 - Cutoff valves; 9 - Engilne

At e - s 3 v wven Rt |
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. ~E 1
Fig. 6. Schematic of heat system with gas producing grain bottle.
1l -~ Start valve with electric igniter; 2 - Gas producing grain

bottle; 3 - Gas reflector; 4 - Check valve; 5 -~ Oxidizer tank;
& - Fuel tank; 7 - Pressure blowback Adiaphragms; § - Engine .
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Fodd systens with gas produein rain_bottlesg (Fis. 6)..

" The propellant oomponents are rorcod 1n_f.o the 'angino by a gas. torned "

by the ‘urning of a powder charge . (.iw.ui CIts voluno s -
conudorably sgaller than that o! tne gas 5qnerctqd by its bum-

ing, mu T thet ges ip coupressed to & preamure of 200 ks/cn . -

‘,l'huo, €88 producing ,rain bott}_oq take up ‘conatderably less room
than high preseure gas tanks 1f the amount of gas in the tank is
“ud to that generated by the powder °WO! {(e: v of the gas
producsns 'raln bottle, 'mo latter also weighs considerahly less
than & tank filled with gas at a pressure of 200 kg/on .

The gas produolns ’rain bottle is attached dlrectl,y to the
Vt.op part of the propellant tank, The ’raiq is ignited by a
pyrotecynlc explosion produced, in turn, by an electrlc spark.,
© Burfifpgo8ftihe powder (shaghka) is so rosﬁla@od as to malntﬁin

a constant pressure in the propellant tank during engine performance.

Tho gas formed bw the burning powder is qualitatively quite '
ditreront rrom that which forces out the propollant components in
the gas pressure feed system. Powder burns at a temperature of
about é.290°6; The powder gases are fed into the-propsllant tank
at a temperature of 800 %o 9oo°c. It is knoun that gas increases
it¢ volume per unlt weisht as ite temperaturo 1ncreases. Hence
extrusion of ::- an identical amount of propellant components by
means of & gas producing 9rain boftle will require less gia thuﬂ
1: thil 1s. done by means of a sas pressure feed system. Gas flov .
'.will docrease approximately by the same ratio as ‘that by - vhlch

powder gas temperature exceeds that of the gas in the pressure
. tank,
Fowder gases are the products of.pokder combustion, 81n90

.27



powder contains lesP oxidizer than required for cohplete fuel com-
bustion, incomplete combustion products will ailways be bfeaent in
povder gases, Powder‘gaées mgy‘finish burning when they'come'in
contact with liquid oxidizepa or yleld exploeive mixtures if they
mix at a certain patio with oxidizer vapors. The use of gas pro-
ducing grain bottles to feed oxidizer.o? monoperellaht into the '
enéine 1s not always safe, '

Since powder combustion 1s accompanied by the formatiop of a
reducin as, 1.,e., a zas in which the fuel 18 not completgly
oxidized, the use of gas producing 9ra1n bottles for the feedlng -
of fuel into the engine is less dangerous. There is virtually no
chemical interaction between the fuél and the reducing gas, It
should be borne in mind, however, that powder gases enter propellant
tanks at high temperatures, Contgct of these hot gases with certaiﬁ
propellant components during pressurization may bring about the
decomposition of the fuel with concomitant heat release and
the formation of gaseous products. For example, a fuel 1like -
hydrazine N2H4 1f heated to 480° decomposes 1nto'ammon1a} hydrogen
and nitrogen,

A3 with any pressﬁre feed sysfem, also here the tank walls
are subjected to heavy sas‘pressure loads, .loreover, they are
additionally heated by hot powder gases, vThe strength of metals
sharply decreases with heating, hence when using gas producing
3rain bottles the propellant tank walls ﬁuat be thicker than with
gas pressure feed systems, all other conditions being equal, and .
the tanks themselves must be heaviei'. Gas producing ,ra.in bottles ‘
are used only with engines performing at low combustion chamb?r

pressures,




Fig., 7. Feed system with liquld-piopellant pressure accumulator.

1l - Auxiliary propellhnt tanks; 2 -~ Gas‘generator:'B - Main
fuel tank; 4 - Pressure regulator; 5 - Main oxldizer tank;
6 - Compressed alr tank; 7 -~ Cutoff valves; 8 - Engine.
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) propellant .
Feed Systeme with liquid pressure accumulators (Filg. 7). Liquid

_Sys ire F"““*“( 8 quid A
pressure accumulators are small liquid’reaction englnes from which

propellant combuatlon products are fed into the propellant component
" tank wvhere they- &re compressed- ; and force the component 1nto the.
 -main rocket ensine. ' '

| If the propellant consiats of two conbustlbles, then the

power plant is provided wlth two liquiad pressure accumulators.

one for pressurizing the r%;%p:;§‘sae other for the oxidizer.

The dgs;gn of a liquldApressure accunulator does substantially
not differ from that of a conventional liquid-ppopellant reactlion -
engline. Heﬂce the propellant must somehow be fed into the Pressure
accumulator iteseif. This 1s achieved by forcing the propellant into
the-accumulator combustion chagber by means of compressed air from

~auxiliary tafiks as in the case of ‘.2 pressure feed systend. The
combustion chambers .of 11qu1d_propellant pressure acQumulatoré are
attached to the top part of the main rocket propellant tanks,

Liquid pressure accumulatofs for fuel and oxidizers operate
vwith the same propellant conpoﬁents byt the ratic of these components
is taken differént depending on the puppose for qhich‘the pressure
accumulator has been designed. Accordingly, the“composition of
gaseous combustion products expelled from the liquid pressure '
accunulator combustion chambers will also be different, As a rule,
more oxidizer than necessary for the stolchiometric ratio is forced
into the 1liquid pressure accumulator combustion chamber. The same
is true in the case of fuel.

Tne possibility of obtaining in the pressure accumﬁlator a gas
with a different content of unexploited oxidizer or unburnt-fupl

prepresents one of the advantages of liquid-propellant accumulators
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over powder aecumhlaiora which yield gaéel of identical oomposition

l gthltbr pres'urizlng1ox1dizera and fuels., ‘For thia roason. vlth
liquid-propollant prosluro ;ccumulatorl there 1- no dansor or a

,>'chemica1 interaction arising between the gas pressurizlns tho
. oqmponent and the compenent itself, L
| Performance of the liquld-propellant pressuro acoumulltor |
‘conbustion chambers with a propellant compopent ratio far from
optinmal, 1.e., qperntiqp with mixtures strongly onriohod*usth
oxidizers or fuels, 1s required also for another reason. Cone
bustion of rocket propellants generates tomporaturelvot qbquﬁ'
3,000 to 3,500°C if the components are at a ratio at which there
is jnst enough oxidizer to fully oxidize the fuel until it forll.
the final compustion products, carbon dioxide .. and vater vapor:,
I1f gas at suoh.tomperaturea ie fed 1nto.tho rocket propellmnt.
tanks, thetr walls will be strongly hoatod‘anl uey even bura out,
By feeding into the liquid-propellant pressure aocdmulstor‘con- -
bustion chamber a propellant mixture with an exoeiS‘inono com~
ponent, the tomberature of the gaseous combustion products.can be
lowered to mﬁgnitudes representing no hazard for the material of
which the propellant tank is made., Gas temperature in liquid-
propellant pressure accumulators does usually not exceed 1,000
to 1,200°, _ o

A disadvantage of biquid-propellant pressure accumulators

wd: ngll producing grain bottlea consists in. thoir relatively

complex deaisn and the’ dlffioulty of obtalning gases with specific

parameters (prgssure and temperature).  Especlally difficult to

obtain are gases with constant temperature. Slight changes in

the pressure at which the components are fed from the accupulator'

tanks into its combustion chamb#r lead to abrupt changes in gas
-3l - '




temperature.

As in the ‘casé of gas producing grain bottles, liquld-pro-
pellant pveesuré‘accumulstors should be used in engines with low

combustion chaiber pressures.

B

Fig. 8. Schematlc of tﬁrbopdmp feed system

1 - High pressure gas tank; 2 - Pressure regulator; 3 - Hydrogen
peroxide tank; 4 - Vapor/gas generator; 5 - Fuel gas; 6 - Oxidizer
tank; 7 - oxidlzer pump; -~ turbine; 9 ~ fuel pump; 10 - engilne
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Pump feed axstemg (Fig. 8) differ substantially frOm gas
- pressure feoed aystema. ‘ s

With this supply systen propellants are not prossuriZod
by 5asee into the combustion ohamber but are rorcod 1nto lt by
means of pumps driven by a special enslne, the turblno. Tho :
entire assembly (pumpa -and turbine) 18 known as the ggp gp
gg;_.. It 18 mounted between the propellan@ tanks and the rocket
engine combustloﬁ chanber, _ . '

As 8 rule, the turblne wheel la'on the same shaft with the
vdrking vheels of the fuel and oxidizer pumps. The'turblno'il
driven by vapor/gas. The amount of propellant fed by tho pumpl
is controlled by the number of turblne rotations, The pumps
create Teed pressure in the feed lines connecting the pump out-
let with the engine inlet, whereas in the propellant tanks only
a low pressure (about 2 to 4 kg/cm2) is maintained to improve
the 1n£ake of propellant from the tanks by the pumps.

The turbopump feed system does not réquire especially solid
and therefore heavy propellant tanks, .

The vapor/gas driving the turbine 1is derived elther from a
‘épeoial component which is not an engine propellant component,
or from components used bi the rocket engine, derogen peroxide
is,frequently.employed as a source of fapor/shs, obtained from 4
decomposing hydrogen peroxide in vapor/gas generators by catalystg
vhich are substances promotins decomposition,

The vapor/gas generator is a chamber containing the’ catalyst.
Hydrogen peroxide is red into 1t and 1t decomposes into water

vapor and oxygen under liberation of heat. Liquid catélysts may
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a8lso be used for décomposing hydrogen peroxide, in which case
‘the vapor/gds generator chamber becones azmixins’ohamber for]the
. -y
liquid catalyst with hydrogen peroxide, andAthe decomposition of

L ow

the lattew, o : : , '
The‘vapor/aas thus formed has'ﬁ %empérature of about 450 to
500°, From the vapor/gas 5eneri€6r 1t 18 fed to the turbine which
it drives and is then expelled 1ntd the air through gpecial‘éqtlets.
By using as vapor/gas the generator gas obtained from the
basic prapellant components, the power plant design can bLe appre-
clably simﬁlifled. In this cage the number of couponents to be
carried by the rocket can be reduced, and an auxiliary propellant
tank is no longer needed. Génerator gas 1s produced by an assembly
similar to the 11qu1d-propell§nt,pressure accumlator,

The temperature of the éenerator gas driving the turbine must
not exceed 700 to 800°C since the turbine blades cannot withstand
higher temperatured at which they fuse or lose their mechanical
stabllity. To produce generator ges at low temperatures the pro-
pellant componente are fed into ﬁhe gas generator ét a mixins.ratlo_

where one component considerably exceeds the other.




Chapter II '
OXIDIZERS

"‘_‘§gc'.~‘£1°n.'6; Liouid Oxygen o o

Liguid oxysén 1s'a clear,.bluieh‘*hishly mobilo'rluid.,:Béii;
ing point at normal pressuro is minus 183 c, temperatnro of 5011d1-~
fication is minus 218 C. Critical temperature. 1 6., the tempera-
ture above which oxysen can only be gaseous 1s minus 1189, xo
critical temperatire corresponds critical fluld pressure equal to
49.7 xg/on?. | |

As an oxidizer of rocket propellants, liguid oxysen was rirst
proposed by K, E, Tsiolkovskiy 1n 1903, It is one of the most
powerful oxidizers because its molecule has no balast atons .
(as does nitrogen, and others). Due to this, propellants based

on 11qu1d oxygen are much more powerful 2ﬁg‘a§€:;tive them: -, ool
"those: > .3i:.'. based on other oxidizers. :A.: the sane fuel.
Propellants with higher power factors are obtainap;e only with
the ald of such oxidizérs as ozone, elemental flubflne and fluorine
monoxldg vhich is a combination of oxygen and fluorine.
A conspicdous advantage of oxygen over other oildizers is its

‘low cost’ 'which, on the one hand, is . due to..- ., the simplicity of
" Ats mgnufacturihg technique and, on the other; 49 1ts‘un11m1ted_
availabilitj.' In fact, oxygen is onejof the most wldespread ele-
ments on earth. The overvhelming malbrlty of compouhds makins.dp :
the earth'e crust are combinations of various chemical elements
with oxygen. The earth's crust contains about 49% oxygen. Waten:”;
is made up of 88.9% oxygen. ‘
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In the water and oxygen-containing solida, oxygen 18 enccuntered
in a chenically combined state, henoe its doritltiwlz ""w»:sr f.f;i«» '
1% associated with great technical dirficultiu anakcon-'
siderable enefgy output, The atmosphere surrounding our planet
also contains appreciable amounts of oxygen —- a8 an average, .935
by volume (237 by weight), the rest being taken up by nitrogon (78.3%)
and other gases (1.04%). _
Alr oxygen is not chemionly combined with other olements‘, hence
its derivation requires no large energy output, Thus, the air is
the fundanental source providing us with gaseous and liquid oxygen
in large amounts, To obtain 1 m3 gaseous oxygen from the air re-
quires only 0.5 to 0.6 kvh. . .--. . The same amount of oxygen
obtained from water by decomposing it with electric current re-
quires 12 to 15 kvh, ' ’ .
Liquid oxygen was|commerciallyfproducedllong before 1t was
used in rocket technology. Liquid and gaseous oxygen were applied
on a large scale in a number of industry branches. It 1s used
for welding and cutting metals, pig-iron smelting, steel founding,
nohferrous metallurgy, in the chemical industry and in .medicine,
‘ Large amounts of oxygen are used. to 'conve;-t low-quality solid fuels,
such as lignite, peat and shales to hish}y vgluable fuel gas,
Large-scale utilization of oxygen in various branchos of
industry as well as in everyday life has contributed 'u':”tbe develop-
nent of the large 6xysen—producin8 plants, . =

Prodtiction of Liquid Oxygen
As mentioned earlier, oxygen is chiefly taken from the air’
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‘ where it 1s combined with pther gases. To separate gaseous oxygen .

from the other gases' of the atmoaphere is a dirficult process. It
is much slmpler to separate the gases or the air in a liquid atato.
If air is .cooled to a temperature o: from -194 to f;959q“;;»“»
becomes a 1liquid consisting mainly'or two 1iquia componeniﬁx(éifson
and nitrosen) and minor amounts of liquid arson, xenon, and other
_.5aqes. Table 1 sivea the bollins points of substances beins part

of liquid alr, We can.clearly see that the boilins rointe of these

fluids differ noticeably from each othor. Liquid oxygen and nitrogen
iwhich account for the bulk of ligquid air have boiling points |

difrnring from each other by -some 13°o.

Table 1

T .

Bolling Points of Air Components &t Normal Pressure

Chemical) Boiling ._ L
_Substance . formula, ‘potnt; ¢
Beggens e e | e
.......... mei..] O —182,95
Argon . ... .. ........ Ac | —1887
Neon e e e e e e e e Ne —245.9
‘Egi e e e e e e e e e e e He —~268,88 -
ptom L L e Kr -—151,7 .
Xenon | | || s e e X .| —~109,1
Oxygen . ... ........c0... Hy - | —254,4 , .
.M’z.—.‘:.;;, C e e e e e e e e e e e e - . ~192 —194;

The process of coollhé alr to low temperatdres} which
corresponds toA 1iquif71ns it_. , 1s based on the properﬁ’
gases to cool off very strongly as they expand " An efficlent
and economic method of liquifying air was devised in 1939 by
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the Soviet scientist P, I. Eapitsa. Fractionizationvdt'liquid

.alr 1nto oxygen and nitrogon is performed in so-called rectifica-

_ tion columns,

.Liquid oxysen used in rocket technolosy as a propellaq&
oxtdizer ‘must have an optimum degree of purity. Any kind of
impurity reduces the power factor of propellants B&sed on it,
Xoreover, some admixtures may bring about dlfficulties ln its
storage, transport and spplication tb rocket engines. Of the
admixtures_ﬁvailable in the air and whose presence in 1liquid
oxygen 1is qspecially undesirable, dust, carbonates, acetylene
and some other organic compounds should be cited, |

One m> of air contalns up to Q.01 g of solid particles
(dust, soot, etec,). These solid particles may clog filters
when filling the rocket with liquid oxygen.. For this reason the
air used by the plant for manufacturing liquid oxygen is thorough-
ly cleaned of all mechanical impurities,

Carbon dioxido is an 1nuispensab1e component of the alr,

Its content ranges from.0,02 to 0.08%by volume. Maximum con-
centration of carbon dioxide in the air occurs in industrial. ‘ ;
districts, the lowest -- in dural areas,

At normal preséure carbon dloxide solidifies at.a tempera-
ture of -78.5°C. Consequently, in liquid oxygen, at a tempera~- l
ture of -183°C at norﬁal pressure, carbon dioxide must be in a
solid gtate. Solld carbon dioxide {ary 1097 has a certain solubi~
1ity in liquid oxygen., In 1 liter- of liquid oxygen no more than
3.6 cm3 of carbon dioxide can be dissoived (converting to gaseous
carbon dioxide ‘taken at normal pressuie). Carbon dioxide portions

in excess of 3,6 cm3/litl'c;- are not fully soluble in 1liquid oxygen.




A part of it will preﬂipitate in the form of & solid depoalt.
| The presence of solid dloxide in liquid oxygen may be the cause
~Vor the same complications during operation as those resultlns from
' solid fnsoluble impurities, such as soot dust.and othera.

. ; Carbon dioxide in tho ‘form of oolid particlea is’ alv&yl
present in liquid oxygen. "Even tiltering cannot totally elimin&tof
it since during storage of 1liquid oxisen, because of its intensive
vaportization; carbon dioxide iill concentrate in it. .Thoro forns
a supersatqraoed solutioo, 1.0.. a solution of carbon dloxi@o in
liquid oiysen with a concentration in excess of 3.6 cn?/liter, and
the 'ktceés of carbon dioxide precipitates, Hence, iheo manufac-
tuning.;iquld oxygen, appropriate measures are takeo to reudce to
a minimum the amount of corbon dloxide peuetrdting into it from
the original raw material, atmospherio air, |

Prior to liqucfyins the air from whioh the oxygen is taken,' '
it is puriried of carbon dioxide by passing it thnough an alkali |
solution (sodium hydroxldeO

Purificatiorn of air from carbon dioxide 1s also effected oy
freezing the latter in special heat exchangems. .:. '

Organic gaseous substances, such as acetylene, ethylene‘and
other gases may also be encountered in small amounts in the air.
The presencdpf such substances in 1liquid oxygen is hishly undesirahle.
Indeed, liquld oxygen forms with organic substances axplosive nixe-
tures of great destructive power, extiemely sénbitiyo to various
influences from the oubside (percuosioﬂ} sparls, eic;). Ewoo‘tho‘
smallest amounts of organic impurities in iiquld oxygen creaie the

daﬁger of forming explosive mixtures. ‘This applies in particular to
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the Bilioa‘gql sﬁnfaco.

acetylene., Air 1s purified of the latter by pumping it after
liquification through silica gel filters, Acetylene remains on

.

: stérage ggd_gganeport of Liquid Oxygen

The Basio property of liquid oyygen which charact;rizes anyl‘
operation with it,is its low temperature, It is known that many
substances, both metallic and nonmetallic ones, abruptly change
their mecﬁdhical properties when cooled to low temperafures. At
liquid oxygen temperature, most metals conslderably increase their
ultimate tensile strength, decrease viscosity and become extremely
brittle. Non-metals lose their elasticity at these temperatures,
Rubber, for example, becomes as trittle as glass,

Fittings and containers for liqﬁid oxygen may be made of such
materials as copper and its alloys, aluminum and ;ps alloys, and.
stainless steel. Ferrous metals are unsuitable for operations at

low temperatures. 0Of the metals cited, aluminum and its alloys

_have .the best properties. Stainless steel has a higher satrengkh,

but it is conalderably heavier than aluminum, 'Aluminpm alloys have
a lower density and thermal capacity than steel and copper alloys,
hence to cool the walls of aluminum coﬁta;peré to liquid oxygen
temperatuies less heat need be removed. This results in fewer losses
of liquid oxygen when cooling aluminum containers prior to £illing
than this 1s the case when cooling steel or copper containers.

As gasketing materisal in oxygen pumps, thlves and feed'pibes,

_teflon mey be used,

Organic sﬁbstancea soaked in 1liquid oxygen (oils, sawdust
and wood shavings, rags, etc.) acquire explosive propertlies and a
' -4 -




high sensitlvity to external influsnce. Hence. prior‘io riliins
ethe’édﬁ@ﬁinefshwitb liquid oxygen, all the feedlines and the con-
i .ieinefe.themeelvee must be thoroughly cleaned and washed te remeve
o all'impﬂrities and to‘scer the surfaces. Solvents euch ae ehiero-
V"‘rorm, methylene chloride, trichloroethylene. and others. may be
:'.used for deereaeins and cleanins oxysen containerl.- ,‘ ,
Since 1iquid -oxygen 1s continuouely boiling, ite 1ons-lantins
storage leads to considerable losses ’z due to . vaporization. Latent
heat of vaporization of water 1s 10.55 timee greatexr than that or
liquid oxysena. Bue to low heat of vaporization and to the enormous
~d1fference between anblent temperature and the temperature of
1liquid oxygen, its vaporization proceeds at an extremely‘inteneive
rate. - : vo | | N o \
| Liquid oxygen losses during storage cean be reduced either bi
providing containers with good heat insulation waﬁrapting & minimunm
supply of.heat to the oxﬁsen outside, or by equipping tﬁe containers
with devices by means of which to compress (condense) the oxyseh
vaporized and feed it back into the container. siortge of liquid
oxygen in eontainere provided with return oondeneeﬁion devices
will praoiioally exclude oxygen vaporization losses.
Double walls provide fixed.and mobile oxygen containers
with good heat insulation. The space between the walls is either
filled with heat-insulating materials vith low thermal conduotivity,
or air 1s eyaeugted-rron it thus-creating a heat-insulating vacuum
Jpcket Vacuum heat- insulation yields the best resulte with
resard to reducing liquid oxygen vaporization losses, tut it is
applicable only to low-capacity bessels since they are subjected

to anblent air pressure. 1In large contalners the space between:
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- the inner and outer walls is filled with heat-insuiatins material.

The. oxysen industry uses as heat-insulating materials such

substances as slas wool, magneslum carbonate, glass wool, eto.

'_Slag wool 1s used chiefly ror the heat 1nsu1ation of oxygen

-apparatusqs.employed in the production of llquld oxygen. Heat

insulation of contalners (tanks and reservoirs) uses mainly

‘magnesium carbonate, a loose, white powder consisting of 55 to
604 HgCO5 and 40 to 45% MgO. The heat-insulating properties of

magnesium carbonate depend greatly upon its degree of moisture,

With 1néreasing molsture content its heat-insulating capacity

"drops, hence to 1nsuiate oxygen contalners magnesium carbonate

with a moisutre content not exceeding 2;5% is uaed.-

Liquid oxygen is stored.and transported in tanks, being

metal containers wi Asood heat-insulating léyer attaining -

300 to 350 em and more in thickness. Tank capacity varies: from
0.5 to 50,000 m’>, Projects for reservoirs holding up to 1 milllon

tons of oxygen are known, Their insulation must -bse about 10 m

thick,

transport and storage depends on the size of the tanks,

The magnitude of l1iquld oxygen vaporizatlon losses during

Losses

in small-size tanks average about 0,3 to 0,35% per hour. The

. larger the tahk} tﬁo saaller aré oxygen losses due to v&poélzation.

In large stationary reservoirs (several thousands of tons capaéity)

losses can be reduced to 0.6% per day,

Return éondensation of oxygen vapors formins in the reservoir

J_Jr .o
can be effected by means of so-called hellum coolers.

- B2 &
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top part (gaseous'phase) is prov;déd with colls through whioch
quuld heltum circ&lates continuously. The bolling point of

_ﬂliquid heliunm (-269°c) is eonsiderably below that of 11quld oxyson,t"“

hence oxygen vapors cOmlng in contact with the holiqu-cxrrylns
pipoa are stronaly’cooled and condense 3 from the coll pipea

the condensate tlovs back into the oxysen liquid phase. It ehould
' be noted that such a mothod for fighting liquid oxygen vqpori:an
tion 1osses during transport or storago is quite costly.

To reduce the weight of rockets, oxygen tanks have, as a fulo,
no heat insulation., As a result, oxygen vaporization losses duripg
£111ing may reach up to 50% of the filling welght. Such losses

1# already filled rockets are also oonalderable.. Thuu.'iﬁ s

2,3 - ton aluminum tank without heat insulation vaporization losses
anount to about 3% per hour, In tanks provided with vaouun
AJaokotc oxygen losses can be reduced to 0,5% per haur. ut such
tanks double their veisht

As soon as the oxygen tanks have been*rlllod the rockot

mst be immediately started, If start 1s delayed for some
reason, the oxygen tank must be continuousely f11ied up to come
pensate for ‘thq losses due to va.po'ringf}gnj--';j.;f,',:'qv |

iiquid oxygen can be cooled to temperatureé’bdlow its
~ boiling point. Supercooled oxygen does not boll.‘hence upti;
1t 18 heated to ¢ the temperatur;fL183° 1ts vaporization 168&0:
,.vill be negligihne. ‘The'timé durins which oxygen warms up t6
'reach 1ts boillng point depends on the degrea of its supercoolins.
" Thus, if a 2.3~ton rocket tank 1s rilled vith oxygen superpqoled
to a .temperatur.e of ~193°, 1.e., ten degrees below 1ts boiling
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point, the rocket may.stand for 80 min without rerillins the full
oxygen ta.nk Durins thie period of time the oxygen 1n the tank

will 1ncrease its temperature by 10 ’ whereupon 1ntenalve vaporlza-'i;‘.'
tion will start anew, Liquid oxygen cari be auperc001ed by fluids ‘i'
with a lower boiling point (liquid nitrogen, boilin,point -195 H
or 1liquid helium, boiling point -2690) pumped through coll pipes
fitted in the liquid oxygen ta.nk '

Supplying liquid oxygen to the working site 1nvolves repeated
tranesfer from contalner to container. At the manufacturing plant
liquid oxygen from statlonary plant reservolrs 1s poured into

moblle contalners for shipment to the permanent storage site.

From there it 1s taken to the launching s}te where 1t is filled
into the rocket . tanks. 1iquid oxygen can be transferred from o
one contalner into the other by means of pumps or by pressu;izing
it with some gas, The most expedient one to create the required
pressure is gaseous oxygen.

Pressure in the contalner from which liquid oiysep'is'beins
transferred can be éreated in the following two ways. First, -
by intonuivo vaporization brought abou£ by hea@ihg the 1liquid
oxygen in the contalner; poconq. a part of the liquid oxygen can
be tikén from the basic oontainer into speclal heat éxohansoru
vhere it 1; gasiried,whereupon the gaseous oxygen is fed at an
appropgiato pressure into the liquid oxygen‘container,. Tho second
method requires no heating of the tntire liquid oxygen mass btut
there arises the need for additionélﬁequipment in 1liquid oxygen
reservoirs (hea; exchangers, fittings, etc.) 1In the first method,
the contact orfsaseous oxygen having a certain‘expnssfpfessuré

with 1liquid oxygen increases conslderably the amount of gas bubbles
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in the latter. These gas bubbles are undesirable since they
lower tho nean specitic uaiuht of liquiqd oxysen. ForeOVer, gas ‘
bubhles 1n liquid oxysen disrupt the nornaqoperation or pumgs ,:"
fedding the propellant Anto the engine combustion chamber, ’ -
When foreing liquid oxygen out of large-size containeru,‘x’
a constant rdte of transrar can only be ensured by Special devicel
resul&tins the flow of compressed gas into’ the container being -
ovacuayed. This rai;es‘the production cost of reservoirs. Thil
cost increases sharply as their size increases since In this case
the containers must béfbuilt.strons enough to withstand the pressure
of compressed gas. o ’ o o
All of the above diffigultiea arising when transferring liquid |
’oxyson from one coﬂtainer into another by pressurization are don-
" pletely eliminated in the case of pump transfer systems. Centrifu-
gal pumps ensure & rapid and reliabl!‘transror:or liquid oxyson.
The punps nay be made of the same metals as Iiquid oxygen oon-
tainers, that'in, . Aluminum alloys, bronze and stainless steel,
Liquid oxysén is virtually non-toxic (non~poisonous). The
oxygen vapors given off only refresh the atmosphere. Short obn;l'
tacts of 1liquid oxygen ﬁith unprbtected parts of iﬁe body alsq‘
entall.. no ﬁazards, in fact, the gaseous oxygen layer formed
'prevents the skin from’ freezins. However, apeéial caﬁe should
" be given to the fact that no combustible gases concentrate near
liquid -oxygen containers aince thelr combination with oxygen -
vapors may result in tho formation of explosive mixtures,
It should also be carefully avolded that the clothes of
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the men opefatlng with liquid oxygen not be solled with clls or
other organic substances since contact of liquld oxygen with
such. clothes may result in self-ignition and, hence, in traumas

and catastrophes, .
Proﬁellants Based on_ lLiquid Oxygen

Liquid oxygen used in rocket technology as an oxidizer must
have a concentration of no lesa than 99% by volume, The remalning
‘1% is taken up by nitrogen and other admixtures. ,

The chief characteristic of propellants based on 1iquld
oxygen as compared wlith other rocket propellants is their high
calorific value and, as a consequence, the high temperaturés
generated in the combustlon chamber of the engine. This high
calorific value of oxygen propellénts creates great diffiédlties
in providing a reliable. cooling of the engine.

Oxygen engines use &s a coolant only one propellant component
-= the fuel. Because of its low boiling polnf, th§ second com~
ponent, liquid oxygen, is not yet used for cooling combustion
-chambers, Oxygen propellants have an‘oxidizer content 2.5 to 3
times that of the fuel (e.g., kerosene). Relatively small amounts
of 1liquid are.thererore required to cool the engine, Hence, in
World War II liquid oxygen engines driving V-2 rockets used as a
fuel component & mixture consisﬁins of 75% ethyl alcohol and
254 water. This fuel has an appreclably lower calorific value

than Xerosene with oxygen, and forms a propellant with a rslatively.

low combustion temperature, Moreover, the fuel-to-oxidizer ratlo
in such a propellant was considerably higher than in propellants

using as a fuel pure alcohol, or, especlally, kerosene compounds.
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It. snould be noted, however, that even for the V- 2, operating
.at a combustion chamber pressure of 16 kg/cm . cooling was a serious
~f-problem. Modern rocket enslnes operate at combustion chamber 3 _
: .pressures several times the one mentioned above, Increaaed cou-
‘“hustion chamber pressure ;ncreaees'tﬁe efticieney ot en&;ae per--

" formance .and redﬁees the welght of the power planf, bﬁt‘afftho
same time it 1ncfeaees,the heat liberated per unit volume of com=
ustion np&oo.‘ . | |

The large amounts of heat liberated por'unit volume of com<
tustion epace by rocket engines operating with oxygen propellante '
as well as other highly efficlent propellants requires both 1nne§
and outer cooling of the ensiho. Inner cooling results in ine
complete combustion of the fuel, in the englne chanber, that part
~of the fuel being ejected through the nozzle elther 1; the fornm

of vapor or as incomplete combustion products., This lowers the

engine's efficlency manifested.by a reduced specific lmpulse.

The propellant component used for inner cooling must have
maximm thermal cppacity and maximum latent heat of yaporizatian.
xefosene has a relatively low thermal capacity and 10; latent
heat of vaporizatlon, hence ita rate of flow for cooling will be
very high, At combustion chamber pressures exteeding a certaﬁn
value. 1nner cooling of oxygen-oil rocket englnes with ruel will

'therefore bring about such a strong drop in specific impulse that
it 18 more expedient to use kerosene mixtures with fﬁeis ﬁro- L
ducing less heat but having better cooling propertiee than
kerosene, Substitution of highly calorific fuels with low
cooling power by fuels wiih somewhat lesser calorifio value but

higher cooling power permits the removal of considerable amou_ntl
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- of heat already with external engine cooling. This heat is not
-lloét for theenainé but is returned with the component into the
combﬁétlon chanber. Consequently, increased gxternal coqlins :
does not affect ensiné performance, Horeover, considerabl& leas .
rpel_yill be required for inner cooling because of improved coole
ing power and becausq of an improved external cpoling oflth
engine, _ ‘
' In particular, such a fuel mixturé was used by the Anericans
to power the first stage of the "Vénguard" rocket which bperated
with the féllowing propellaxt: oxidlzer, liquid oxygen; fuel, a
mixture'or 95% gasoline, 4% ethyl alcohol and 1% sllicone oil.

The latter is introduced in the fuel to lubricate fhe propellant
pump, .

Kt the present tim;:aifficultmes in cooling liquid~propellant
r@cket engines operating with propellants of high hieatlng value
are belng sucéessfully‘zfércoﬂév This makes it possible to euploy
fuels with a high calorific value in liquid oxygen propellants,

The problen of cooling oxygen engines 1s somewhat simplified
if as the fuel component we use substances wilth molecules having a
higher content of hydrogan atoms, Hydrpgen is one of the combusti-
bles with the hlghest calorific value, but its combustion tempera-
ture in an oxjgen atmosphere is considerably below that of gther
widely used fuels, Hydrogen burning in oxygen llberates an amount
of heat equivalent to 3,210 kcal/kg at an ideal comfustioh tempera~
- ture® of 4,120°C, while oxycalbonie propellants have a caldrifioc
value of 2,130 kcal/kg at an 1deal combustion temperature of
5,950°¢C, . ' ‘ '
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Anong the fuels with increased hyarpsen content we oite,
. in the first plaéé. elemeﬁtai hydrogen, then such compounds
as ‘mbnia, hydi'osine a_.nd"it's" derivatives (nethyl h'ydx“ﬁb :
_ dimothyi hydrazine and others. ). Liquid-oxygon propellantq
with such fuels have htsh specifio impulse and dcvelop durins
thoir conbustion comparativoly low combustion tamperaturop.
thus facllitating the cooling of engines.

itrig-Acid
Nitrie Aold

Oxidizers based on nitric acld are as widely used as liquid
oxygon. The rapid adoption by rocket technology of these
" oxidizers is due, in particulgr, to the produstion of nitric acid
(the basic component of nitric-soid oxidizers) on an industrial
scale long before using it as gﬁ oxidizer of rocket propellants.:
Nitric acid boils at a temperature of-+$ 8660 and freezes at
-41°C, Thus, under normal conditions, it 1s a fluid. Thil is
one of its advantases as 8 rocket propellant oxidizer ovey liquid
oxygen. The comparatively low temperature of solidirication and
the high boiling point facilitate 1ts sborage, transport and ' .
transfer. Rockets powered by nitric-acid propellants can be kept
for a considerable time filled with propellant gompodehts.'lfi?s
as we have seen, hag to be excluded in the casi'or oiysen.
Nitric acid, howevef, also has substantial oper#fionai drave

backs, It is expédient to use as rocket propellanﬁ oxidizer only
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concentrated nitric acid contalning no-more than 3 to 4% water.

But concentrated nitric acid has a l&ﬁ‘chemical stability, hence .

it decomposes duﬁiﬂs storage. Decomposition rate sharply increases

with increasins temperaturo
Decompdeition of nitric acid by ‘the following reaction

2HNO H O+ 1/2‘)2

3 2 4

nitric water oxygen nitrogen
acid peroxide

yields water, oxygen and nitrogen peroxide, As a result of
chemical inatability its propertles as a rocket propeliant oxidizer
deteriorate on account ortlncreaalng content of water whieh,
being an inert ndmlxture, lowers the calorific value of the
propellant., If concentrated nitric acid is stored in hermetically
sealed containers, its deconmposition inoreases the pressure in
the contalner following liberation of saseoué oxygen (decomposi=
tion of 1 kilogram of nitric acid ylelda 87.5 11ters gaseous
oxygen). Hence the storing of nitric acid in hermetically sealed
containers 1s connected with some hazards, eepeg;allf in the
sunner. | a

But its main draw-back consists in its exceedingly high
corrogive acti®®:;, with reépect to nearly any substance. This
creates considerable dtfrlculties in choosling the appropriate
zaterlals for feedlines and £1ttings as well gs containers for -
protracted storage at bases and depots. Common rubber used .
ag gaaketinc materlal in valves and pumps does not vith-
stand the actfon of nitric acld, it either dissolves(it\injor -

coarsens and thus loses its packing propertlies. ¥With metals,
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concentrated nitric acld reacts in two stases. First it acts on |
the metal as an oxidizer reducing it to an oxido, and thon tho
dxide,ruactt "whth . nitrld zacid 1n the same rauhion as do metal
; oxides with othor acldls :ﬁgt' ﬂ(' ",,{
1) 6HNO, +.

) 5 21'.—-»&204-3301- 311‘9,.

2

2) F0203+ 61m03-v 2ro(no ) +3n 9.

' fhil'i.lQﬁlonib " with motgls 1s‘precisely the reason for
its exceptionally high corrosive i&tibd.,. Only nohle mopall"
(so;d, platinum) are fully resistant to nitric acid. Technicil.
metals, however, including stainless steels, aluminum and its
alloys, are highly corroded by it. Of the plastics, tefion reéists
to nitric acid. . - ‘

It should be noted tha§ corrosion of metais in nétric acid

is considerably increased when the acid is diluted with water, In
fact, the acid is most corrosive when diluted with watef to a cone
centration of 30 to 35?‘. Hence nitric acld containers must be
‘ thoroughly.cleaned of acld residues since the acld draws water
from ‘,tha air . ' and may therefore reach a concentration critical
from the viewpoint of corrosion,and serlously damage the container;

Compared with liquid oxygen, operations with nitric acld are
further complicated by the acid's toxlcity. Contact with the
"human skin provokes painful ulcers which take a iong time to heal,
Therefore, if drops of nitric acid happen to hit the unproiected
parts of the body, @hey must 1mmed1ate1yAwashed -avay vith 1arao
amountasoof vater or a 5% soda solution Nitric acid v;pors also nave
a very harmful effect on man. Their toxictty 18 10 times that of
carbon monoxide, Ald 6onta1niﬁg 200 to 300 parts of nitric acid;
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per 1 million parts of alr irritates the skin and the eyes and
destroys the lungs. Haxlmm permigsible concentration of nitrie
. acid vapors in the air where ‘treathing 1s not dangeroue yet.
- 18 10 parta acid vapors per 1 million partsc6f air. )

Propellanta based on nitrlc .acid have a conslderably 1ovor f: 

'caiov;ﬁovalue than oxygen-based propellants, Hence they have q
lower speciflc impulsos.in the engilne. Combustion of 1 kilbgran
of a mixture of nitric acid and kerosene at a stoichlometric ratio
liberates about 1,450 kcal., Combustion of the same.amount of an
oxygen-oil propellant yields about 2,500 keal,

Bgcause of its low ehemical stability and the low célorif}o
value.of propellants based on it, concentrated nitric acid has
a 1limited use as a rocket propellant oxidizer, It is chiefly
employed 1n compounds with nit;ogen oxides,

- * ‘. ! - -
) ke . “t Ayt 'n.o 1o a

" Mixture of Nitno Acid with Nitrio Oxides , p

o= e g A pheot

’ P ot

‘Under specific conditlons nitrogen . reaction ' . chemioally
with oxygen. Since nitrogen is an inert gas, 1ts oxysen compounds
are high}y¥ unstatle. They easiiy react with combustibles and
oxidh;thom.

Nitrogen forms with oxygen the followins s8lx compounds:
nitrous oxide N;0, nitric oxide N0, nitrogen dioxide N02, nitrogen
trioxide N2°3’ nitrogen peroxide N204 and nitrogen pentoxide N2 5°
Of these compounds only two can be used as rocket propellant
axidizers, NO, and N204..'The last oxldes change easily into

one another, At 1ncreased-temperatures'nltrogen peroxide almost

entirely decomposes to nitrogen dioxide which has a dark brownish
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‘color; wlth dropping temperature (O to 5 °Cc) there occurs an

inverse process: nitrosen dloxide changes to nitrogen pero>1do.

a light yellow fluld, ‘ _ . .
Propellants based an nitru- ' oxides have a consierably hlsher

" calorific value than those based on concentrated nltric acid,

Thpe. the calorific valuo of nitr«,'. oxide plun keroaeno pro-

pellant exceeds that of nitrlc-acid,propellante with the same

fuel by 13.5¢. Yet, applichtiop‘of nitric oxides 'as rockét

propellant.oxidizers Buns into difficulties because or‘thoir‘.

working charactoristlca. ‘ )

The chier drawback of nltru. " oxldes is thelir high freezing
point (-11°c) and low bolling point (22%). 'Howévor.fthey Lavn
have turned qut to be valuable in compognds vtih'nitric acid,
with whioh they form homdgenaus mixtures, These compounds h@vo
.8 numbef of advhniages over nitric acid'and pure'nitﬁég:' oxides
from the viewpoint of both power and performance. Nitr{g:r oxides
were faund to be good means for chemically stabilizing nitrie
acid, With a content of 15 to 20% nitric oxides the.aéid virtually
becomes dhem&pally stable in ; widé range of temperatures. Thus,
there 18 eliminated one or_the serious shortcomings of nitrio
acid, its chemical unstaﬁlenéss.

Nitric acid density is 1,51 kg/llte'r. that of nitric oxides

=< 1.47 kg/liter. - Compounds of nitric oxides and nitric .
acid har: a denslty considerably greater thah.égch ot‘ifs cdg-
ponents individually. Thus, a':ébppound of 20% nltéiq oxiﬁea
and 80% concentratedlnitrié acid has a density of about 1.63

kg/1iter, 8% in excess of nitrie acid, and about 11% 1nAeicess
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of nitric oxldes., The greater denslty of nitric acid and nitrio
oxide compounds as ébhpared with the densitles of the substances
takeﬂ‘separately makes the compound more valuable as a ;oﬁket
_prdpellani component, | i
":‘An increase in the dens;ty-éf a compound of two aubstgnces' B
with respect to the denslty of each substance taken‘individuaily
can anly oécur 8 in mixing thése substances they interact with
each other and form,a_new compound, 1In fact, nitric pxides,al
they dissolve in nitric acid . " veaot with the latter.and form
‘ 204- 2HN03. = -
fTo evaluate the operational propertles of rocket prppellanta

molecular compounds of the form N

the magn;tude of thelr vapor pressure at amblent temﬁerature.l.

of great importance. The loweg?;hpor pressure'or the component

at temperatures to which it can be heated during storage, the

more conveniént i1t A8 in operation, Nitric oxides have afrairly
high vapor preéeure‘ét anblent temperature (at a temperature of
50°C the vapor pressure of nitric oxid;a is 2,600 mn Hg). ?or'
this reason they are usually stored in carboys bullt to with-

stand high pressures. The nitric oxide and nitric:acld compound
must have a pressure hisher than that of concentrst;d nitrié‘acid.
But since intermixing of these two substances yields not a simple
mechanicﬁl mixtﬁre but a molecular compound, vapor tension in the
mixtures does not rise proportionally‘to the increase of the easily
boiling component (nitrlc oxide) contained in it but f; a con-~
éiderably lesser degree. Tﬁus. in nitric acid containing 20% |
nitric oxides vapor pressure of the nixture at ?boc should be,

vere it a simple mechan;cal mixture, 215.2 mm Hg. Actually,
hovever, it 1s 168 mm Hg. The relatively low pressure of saturated';r
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vapors of nit.ric-acid oxidizers racilitates their st.orago and

operation in rocket engines.

'aoid boil at a tempera.ture of a.‘oout 5o°c. whereae pure nitrio

' Omewhat lowered ‘mus, 20% nitric oxide solutions in nitrio

By a.dding nit.ric oxides to nitric acid the boiling point io

acid boils only &t 86°C. Lowering of the oxidizer boiling point o

deteriorates its operational properties, but at the same time

nitrioe oxides coneiderably lower the temperature of solidification ‘

of the oxidizer

}“ A appreciably improves its operational eha.rao_-

teristics. The temperature at which solld particles precipitate

-

from a mixture of nitric acid with 20% nitric oxides 1s ~70°C,
whereas concentrated nitric acid freezes at a temperature of -4100. 7
The pover factors of propellants based on nitric-acid oxidizerl |
are also higher than those of propellants based on concentrated
niti'ic _a.oid. The calorific value of the propellant' and, henoe.j
specific impulse increase in proportion with an increasing nitrie
oxide content in the oxidizer. Hence, from the vie@obnt of |

- improving the propellant power factors, it i1s desirbdile to h'ave_

nitric-acid oxldizers with a maxim percentage o{ rlxitric‘ oxides.
Yet, a high content of the latter improves the oxidizer power
factors, on the one hand, and deteriorates some operational
characteristics (lower boiling point, increa.sed vapor tension.
etc.) on thé other. In practice, therefore, mixtures are used in
which nitric‘ oxide content‘does not exceed 25 to 304, Nitric-
acld oxidizers used in the USA contain 4, 12 and 22% nitriec oxides.
Toxicity of nitric oxides is ‘about the same as that of nitrie
acid‘,‘but because of greater volativity of the former, they in- _

crease the hazard in handligg nitric-acid.oxidizers.
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Corrogive power of unhydrgus nitric acids 1is con;iderably
lower than that of nitric a'c'm But their adalxtire to nitric
kaoid though it does not lncreaee the corrosive pover of theée’ _j
latter, does virtually not reduce it., The chier shortcomins ot :}5“
nitric aoid ai:;ocket propellant oxidizer, its. hish corrosive o
power vith reepect to all construction matoriala, remains un-

changed also when using oxidizers containins a high percontaso
of nitric wxides, -

-

t on of Metals Against the Corrgsive Action ' -
Oxidizersg . '

It was eald eariler that tne chief drawback of oxidizers based
on nitric acld is there cérrosivo action. This fact causes con-
slderable inconveniences in storing them or ua%ns them in rocket
onsinoo. ‘

Attempts to protoct the metal against the oxidizer's doatructlvo
action by coating its ilnner aurrlooQ were unsucocessful. Even the
slightest flaw in the protective coating through thch the oxidizer
can oontact a small metal section of the oontaln;f‘wall leads to
a fast destruction of that section., The application of high-quality.
coatings to the entire metal surface to be protected against the
action of the liquid ana gaseous phase of the oxidizer turned out.
to be an extremely complex endeavor. : ."

An effective msans to reduce the:rate-of corrosion of tﬁoﬁmet&lu

in nitric-acid oxidizers are special »3diive -~-*known as inhibitors.

s -
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For nitric acid and oxidlzers based on it, sulfuric acid stolt can

" be used although “the latter 1s of itself quite aggressive with
respect to notals. Nonet&qieu, mixtures of nitric and sultux"io ‘

acid have a conaidorably lover corroeive actlon th;n each acid
taken separately, = - I .
" This fact can be explained as follows: sulf_ﬁrle acid t:;aciijd.g:"

with the metal of the container wall forms a sulfate. If the con~
tainer is made of ferrous metal, iron sulfate r02804 is rorm'ot_lz '
t.ccordinsly._ aluminun containers yield aluminum gulfate Al 2(8%),.
etec. Sulfates are weakly soluble in nitric acid and its alxtures
with nitric oxides. The reaction iieldins sulfates ta.ko's place
direotly on the container walle, Because of their low solubility
in nitriec acid and nitric-acid oxidizers, theu sulratu remain: q‘q
the container walls as. ' e rre v Somc sort of a protective
film preventing direct contact between the metal wall and the nitric-
sold oxidizer. As a _oorrosion inhibitor for nitric-acid oxidizers, -
sulfurio acid is effective only if its dontent in the oxidiser
exceeds 5 to 108, ' '

While the admixture of sulfuric acid to the nit.ric-acid oxidizer
reduces 1its corrosive action, it also impairs qther properties of
the oxidizer. Sulfuric acid 1s no oxidizer (its molecule lacks
active oxygen since ﬂl the oxygen atons are bound with “combustible"
sulfur and hydrogen atomg) ,» hence its presence in nitric-acld

oxidizers lesds to an inadmissible reduction of the latter's pover

parameters.

Having & bolling point ( 336°C) higher than that of nitrie
acid, sulfuric acid 1s almost non-volatile, hence mixed vith a .

~




.nitric-acid oxidizer it dnen virtually not enter into tho oxidizor
vapors. Its effect as & corrosion:inhibitor is therefore conriﬂ;d
gnli to the fluild, whereas corrosion rate of container walls ex-
ﬁ?sod‘io‘ihe action of 6xidizer vapori;?emaihs'as hiéh as vith
oxidizers without sulfuric acid, B ) |

“In nitric-acid oxidizers, sulfuric aqldfyiolda‘large amounts
of precipitates, metal sul}atea (of the metal of which the contsiner
1s made) 41£fitultly solutle in the oxidlzer. 'fhe' accumulation
of these deposits may result in an obstruotion or feedlines and
valves durins the transfer of the oxidizer, the £illing of rocket
tanks and, most 1mportaqt of all, during . - !/ ensino performanco~‘
in flight. Small deposit particles which have gone through.the
filter during the f111ing of the rocket with oxidizer, or vhich
have formed in the oxidizer tank itself, mai16163 the engine's
manifolds, ' ' |

orthophosphorib acid H3Po4 is another ada&.un.. which reduces
corrosion rate of metals in nitric-acid oxidizers. The protootivo
action of this acid manifests itself with ooncontrationl in the
oxidizer considorablyipeakor'than those of sulruric aold, In
fact, only adout 1% of this acld need be added to the oxidizor. .
Like sulfuric acid, orthophosphoric acid 1s an 1nort constiuuont
of the oxidizer since its molecule lacks active oxidizer atoms
(oxygen) or active fuel atoms. The pover factors or oxidizers
inhidited with orthophosphoric acild are less 1mpa1red than thoso
inhibited with sulfuric acid since the latter muat be added to the
oxidizer in portions 5 to 10 tines greater than those of ortho-

r N 2
phoephorio acid. ‘wnich , however, has nearly all the short-.
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‘" oontainer surrtoo which is not waghed by tho fluid, This proporty‘

comings of sulfuric ecid, such as formation of deposits in the

'ouduor. ab;oncmot -an 1nh1b1ting action 1n the 5uoouu phon.
.and Qm‘rlo .

he oorrouvo sction of nitrio-agi.d oxidium s utx‘ously

. Peduced by hydx'ogon fluoride HY. Undor norul oirc\u-ta.nou thu

i * highly toxic gas, well soluble in uam. Aded at » rsto
of 0.5 to l.oﬂ to the nitric-soid ouuur. it sherply nﬂucn
1ts corrosive action As.of,ins,t aluminum and its alloya. A thia
and extreiely resistint film of aluminum fluoride ALF, forms on
the wvalls of aluminum containers. This film is an excellent pro-
teotion of the metal against the corrosive sction of nitrio-acid

oxidisers. Hydros.n rluorido has & ruru lov bonins polnt

(20%), hence it is present” .n ‘o« . gas :‘ in n.mauntc

sufficient to form the protecuvo £ilm on that poruon of the -

civ“ 1t DI yut advantage over such inhibitors as
orthphosphorio and sulfuric aocid  , '
Since hydrogen fluoride protects aluminum and its alloys

" against corrosifn not only as & fluid but also as a vapor, ne
_deposits are formed in ni,tric-acid'oxidizora inhibited by this

substance dufins-extended storage in alum_inun.or. altninum~alloy

ocontainers.

A

Oontact of .51&35 parts (e.g., measuring tubes of containers)
or i materials containing a high" percentage of suicon, with
nitric-acid oxidlzers containing 0.5 to O 7% hydrogon fluoride

- must not be permitted, . since i, Tesota "ﬂh- N i e

e
¢ 7

g e g T - I aincon (glass has a. high content
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or siliocon dioxide) :An the fo lowins ttshionz - B E
810, + aur->su4+ 24,0, ' ' |

Silicon fluoride formed here volatilizes sinco':t ambient
rtompefaturo it 1s a sas; The reaction between hydroson rluorldc
and silicon—carrylng substances continues until one of the con—
ponents partioclpating in this reaction has not been complotoly
exhausted, 'L o N i

There gxiut, in éddition io those mentioned, also other ‘ad-
d1tives whioh reduce corrosion rate of metals in nitric-acid

oxidizers, . ' , ‘ . . : ' o ‘ L N

EropellantsBaged on Nitric-Acid Oxignn:'." L

Tvo typas of propellants exist in this class: ;gg_gg;;g
 and hypersolie.

‘Nitric acid is & ohemioally active substance which at normal
temporaturo reacts with most organic and 1nor5anlo combustiblou.
The heat liberated by thia reaction causes self 15n1tion of mix- |
turessof nitric &oid- vith certain fuels,

Not all the fuels igniting on contact with nixpio;acid oxidizers
can be used as cbmponents for hypersolic rocket propellants, Prac-
tice shows that the only suitable ones are fuels 13nit1ns no .
later than 0.03 sec after mixing with the oxidizer. With greater
ignition delay time the fuel can no longer be used as a hypergollo
in liquid propellant reactive enginen vhioh must _ thon I

_be started with speclal ignitors, . "
The requiroment that hypersolic propellants have an lanition E
delay no longer than 0,03 sec 1a dictated by the pecullar charac- !
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teristic of étartins reactive engines, o speclal :l.sniuon
devices are prouded ror the start of ensinu vith hypersouo :
propolhnt-. The components {fuel and oxidizor) are ulnit.tod t.o ‘
' ‘:“'"t.ho chaaber vhore thoy come in contact with ea.ch other and produoo
"'15ni.uou vhich ma.rks the. besmning of o nsino porfornanco. It the
- tj,imo required for the 15n1tion of the propellant arter Bixing
.axddeds 0,03 seq, nugc uounto of préperlasi: aooumulutédn_ﬂid‘ "
‘engine shambumal’ . - R
' -Updn- 4ghltien; - , pressure in the chamber rises abruptly.
This may lead to knocks or even to the ‘explosion'or the engine., .
Amix.x'u may be uged as hypergolic propellant components, At a
rule, however, they ignlie spontaneously with nitric-acid oxidizers
wvith an ignition delay period exceeding 0.03 sec., Cn the other
hand, mixtures of two or several amines have, for tho most part, an -
“ignition delay period shorter than any of then taken separately,
¥Widely known is a. fuel called "tonka" (German name) which, with
nitric acid and its compounds with nitriec oxidos, forms a hyper-
golio propellant, "Tonka” 1s a mixture of two amines, triethyl
anine and xylidine.. Its ignition delay period after mi;ins-uth'
nitric-acld oxidizers does_not exceed 0.03 sec even 1f the tempera- ‘
" ture of the éommhents;h lowered .to -40°Q. o V
Besides aaines, some other substances can a;l.s_o form hypergolic )
propellants with nitric-;acid oxidizers, Fuels such as hydrdgen
' and its derivatlvei, in particular‘unsymmetrical dimethyl. hydrlzlnon.
are sporftaneously ignited with these oxidizers with particular ease.
| Isniti.on delay period of dimethyl hyd.ra;ino mixed with nltric acid

5
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1s one-tenth of that mixed with "tonka®, ) ‘

| Bt.udiu are being conductod in the USA vit.h uixturoi of .
dimgt.hyl hydrazino md hydrocar’bon ruoIl (of tho airornrt mol
typo JP-»#) ‘These mixtures are spontaneouuly ignitod on cont.tot
'with nit.x‘i.c-acid oxidizers with an ignition dolay period por-

\“miuib].e for reactive engine oporttion,

Isnition delay period of hypergolic nitric-acid fuels depondl
to & great extent upon the t,ompera.tprc of compononto' and \utox'-
oohtent of the oxidizer, A drop in comp;)nent. temperature and '
an increase in oxidizer water content x"o'sult'.s' in an i.nc,rea’s'od'.
ignition delay period, By increasing the cin;miou aétivityl‘ot‘
thelr components, the isnition dolny poriod ot hyporsolio pro- ‘
pellants can be reduced. Thoro is knovn s serles of ‘sddi tives -

to nitrio-noid oxidizers md ruolu vhioh roduoo t.htt poriod.mut ATe

luirurio acid H so‘. rorrio chloride r.cl,. iron nitnto 10(10)3.
.and ooppor salts oai Tao aldnd Por ML urpore o aiipie xm-f al
B PF LR X ST REH P, ity Ignition Qelay poriod 1s strongly reduced
and oontustion rate of propellants based on nitric #0id is strong-

1y increased by permanzanstes vwhich are powerful oxidizoﬂ,
' While hypergolie propellants facilitate the starting of
onsin;; and .’ somewhat 'simply thelir design, they complicate the
_operation o.r rooi:ets. Spil.lins during rocket filiins or leaks
in the feedlinu of the pover plant may easily lead t.o firol.,‘
Hence operationa with hypergolic propellants must be pertomod
| under esneciany careful safeguards to prevent their oomponenth
fron mixing accidentally.
Wit.h nitric-acid oxidizers. fuels not forming hypergolie

propellants may be uged, Such are, e.g., petroleunm products,
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For the start of engines operating wiih such propellanto,‘spoolol
pniiggg fuels are ;equlrod. Fuels igniting spontaneously vith

nitrln acld. such lt, e.8., "tonka" , may be. used ao igniters,

- Tho ruol component isnitlng spontanoously vith nltrio-acid oxldlzorl

. 1- flllod into the rockot in qnountl roquirod only to produoo ‘
the ignition torch in the combustion chaaber, S .

The ooolins of engines powered by nitrio-acid propollants dool
not encounter the dlrficultiea mentioned in discussing propollaqtl'
on tho bagse of liquid oxygen. The former have a lower oalobltio ,
value than the latter (e.g., keroseno produoeo with oxyson L
propellant with a caloriflc value 1.8 times that of the one formed
vith an nitric-acid oxydizer). As a result, a heat flow of lesser
ﬁagnitudonis transferred throygh the combustion chamber walls,
Nitrio-acid propellant englines oan be cooled with fuel. oxidlzor
. and,with Bothiconponents! -mauugouu,wif separate pockets for
the fuel and the oxydizer are providod in the jacket apaco.< Thus,

large amounts of ooolant are available for external cooling in’
nitric-acid propellant enaines, ‘ .

_ vitrio acid and its mixtures with nitric oxides have a 5ood
cooling power. ‘Because of the comparatively small amOunt of heat
liberated per unit volume of combustion space in medium and larso— '
size nitric-acld propellant engines. however, they can only be
coolod with fuel irrespective of the taot.that the amount ot
oxidizer fillod into the rocket 18 3.5 to 4 times that of tuol.
Small ensinos of the type abovo with a thrust of about 1 to 3 tons -
cannot be sufficlently effectively cooled with fuel alono. For

this reason oxidizer 1is \ised ; as a coolant.
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'Section.8,.. Hydrogen Peroxide e
e

- Hydrogen pero*ido 5202 has. boen mnnufaotured cnnncnt n

-cinlly*' for over 70. years., 1Its easy deconposition by the aotion'.

or various kinds or impurities was responeiblo for its production
as a 35% solution in water, Production of istronger. contentrates
began only shortly before World War II in comnection with the '
develdpment of rocket technologyl England'and iho USA'havo re- 5
cently beon producin5 90 and,gg.?ﬁ hydx!ogon ‘petroxide, ’>f,‘ T ccmoe ....‘

et 18 Of'l.

Most widespread in rooket technoloey are aqueouq,hgdrosensperoxido

o.ofut,:om o: 80 ‘dnd 90% strength, Safe handling of concontratu

of such strqpsph could be warranted by adding to them speclal lub-
|tqn¢.'S¢gl;9&Zéﬁgﬁalizgrgﬂho cheniocal stabiliiy of hydrbgqn '
peroxide oan be sharply increased by uddiﬁs to. 4t phosphorie, |
acetlo or oxalic acld, hydroxyquinoline, eto, An,indiepon-dbli‘
condition for chemically siabilizing hydrogen ﬁoroxi&o 1s also

its purity. Neglisiblo impurities bring about its deoompositian.

i ﬂydrogen-peroxide»(lOOﬁ Jtrcngth).c. 1s & clear 1iquid,

solidifyins ot a temperature of 1,7°C and boilins (with de-
composition) at & temperature of 150°c. It mixes with water '
at any'ratiq. 1r diluteé with water, 1ts temperature o: solidi-
fication drops. Thus, an 80% solution in water solidifies at '
a tqpperature ot -22%, Hydrogen peroxide makes 1t possible-
to‘obtain oxidizers with even lower teﬁperatures of solidification.
A‘mixture congieting of 6% water, 40% amhohia nitrate NH4N03 and
54% hydrogen peroxide has a temperature of solidification of
-40°C, A characteristic feature of hydrogen pefoxidd and its
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aqueous aolutions‘ii a tendency to supﬂrcoollns. In fact, 1t ‘

lly be suporooolod to 20 to 30°C below loliditlcatlon tomporalhro

and 4512 vouatn *: 1iquid otcto for a 1ens porloﬁ of til..‘ L

' aydroson porcxido 1- obtainod by tbsorbing heat rra: the nurrouuda,
ing nodiux. ccnversoly. it liborato- hoat as it doconponol.,

Honce .0ts 1oV ohenieal stabilitys.
stability of hydrogen peroxide decreases &s 1its ooneontration

increases. However, the compound slways decomposes to  some degree,
whatever tpo storage oonditions, Decomposition rate oapoolully
increases as the temperature rises, Some substancos. euoh as
copper and its alloys, lead, and others, accelerato the decomposl-
tion process of the perdxldo.i Other materials, such as clrbon‘.l
and stainless steel, also acéolorato the decomposition of the
eombound'ilthoush at a 1ow;r rate than copper and lead, The '
dooonpoaitlon of the ,porox1a. in contact with motala and non—'
| netall depondl not only on their chemioal oonpocitlon but clac on
tbo oondition of thelr surracol. Soratches, burrs and doroctl
oauso hydrogen peroxido to docompoao at an accelerated rato.‘
_?pe material besat sulted for appgratus operating vith hydrogen
_peroxide is pure sluminum, Ae packing materials. teflon. Tully
halogenated polyethylene and (at noderate temperatures) polyothylono
can. be used, . LA _
Prior, to filling, containers undergo a special treatmont
;(n__givatiog ) to remove any impurity which could accelerate thg de-
composition of the compound After this treatment the container
.13 rinsed with & weak aolut1on of hydrogen peroxide.

Eyen if stabilized wlfh special’ admixturea, hydtosen peroxias:
dacompqses continuously and liberates gaseous oxygen. In the

S
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cage of storago in hermetically sealed containero,pressurcrwithin may

-t

thersfore build up to dangerous lovoln. For this reason - -
}he,nnn&lilorl Lo proyided: vith satety VllVOl vuloh 6portt0
 as soon as pres-uro within the container riaes boyond the pormlnoiblo
lovol. In‘deqignlng fittings, feedlinealand containerq for the
peroxide, units where 1¢ cogld Btagnate bp inpurities such as
corrosion products could accumulate are carefully avolded. Such
1mpur1tles may cause the hydrogen peroxido to explodo.

Although the corrosive action of hydrogen peroxido is weak
compared with that of nitric acid, some materials are noticeably
corroded by it. Cormosien 1§ é5pedlally strorg 4tthe Joints be-
tweon different metals in contact with the peroxide, in thlo
case there forms an electrochemical pair to eliminate which the

notals 1n the peroxido are connected with plaatic lining. This

Nm e e v i —m—e A~ .

elininates eleotroohcuical dlssdlring . 6f the metsl,

Hydrogen peroxide 1s explosive and 1nrlammable. the latter ;
property being due to its high oxidizing power. Many organie '
substances (f&brlc, paper, oils) burn on contact with concentr;tod

hydrogen peroxide. It is stored in places'avay from dwellings and

other buildings. Reservoirs zust be kept clean, storage of
~ combustible materials in then iaV;nadmléalblo. f _

The explosiveness of the liﬁuld 1s due to its continuous de-
composition with liberatlon of 5aseous oxygen and also.to the
‘fact that 1ts vapor may readily explode if acted upon rrom the
outside. Decomposition rate increases with rising temperaturo.
and the decomposition process itself release@ heat. Thus, the
rate of decompositlon reaction 1initiated by some impu:}ty ﬁay,

because of heating, attain dangerous magnitudeé after some time,
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caso of storage in hermetically sealed conttinorc,pribourq;within hiy -
thersfore build up to dangerous. zowolu. For this reason L ,f '
;ho,nnn&ailor- e proyédod,. with :afety valvo: which époruto

' uo soon as prouuuro withln the container rilon boyoud the pormisaih&o'
'lovol In delisning fittings, reodlines and containor: for the
peroxide, units where it could atagnate or inpurities such as
corrosion products could accumulate are carefully avoided. Such
impurities nay cause the hydrogen peroxide to explodo.

. Althoush the corrosive action of hydrogen povoxldo is weak
compared with that of nitric acid, some naterlals are noticsably
corroded by 1t. Cormosien 1s espedtaliy strorg &tthe joints be

tween different metals in contact with the peroxide, In thll

case thoro forms an electrochomical pair to eliminate which the
metals ln the peroxido are connected with plaatic lining, This
oliminntes elootroohenical dis.oltinsuaf the. metal,

Hydrogen peroxide 1s explosiveo and 1nflammable. the latter
property'being due to its high oxidizing power. Many orgapio ‘
substances (rabric, paper, 0ils) burn on contact iith concentr;tod
hydrogen peroxide. It is sfored in ﬁiaces'dvay from dwellings and
other buildiﬁgs.' Reservoirs mdai be kept clean, storage of
combustible materials in theam 1s inadmissible. . |

The explosiveness of the 11§u1d 1s due to its continﬁous de-
composition with liberation of gaseous oxygen and also.to the
‘fact that its Vapor may readlly explode if acted upon rrom the
outside. Decomposition rate increases with rising temperature,
and the decomposition process itsgelf releaqeg heat. Thuas, the
rate of decompoaitiqn reaction lnitiated by some impur}ty ﬁay,

because of heating,.attain'dangerous magnitudeé after some time,
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At 175% liquid hydrogen peroxide decomposes instsntly; f.04; thé-deconmposi.
tlon process becomea explosive. Hence, when raising the tcmporlturo '
of hydrogen peroxide above amblent temperature by 5 to 10°c,' |
addit&on&l agount of ntabilizer must be added to it in order to - .
roduco thg 1ntonalty.pr decompasition, ‘. Should this not ntop -::'7‘
further evolution of heat, water should be added{ Hydrogen peroxide
d1luted to 50% becomes completely exploalon«péoof.

Liquid hydrogen parOxido'has 8% low sensitivity to lmpaot and
blasts. At ambient temperature (20 to 25 C) a concentrato up to
99% doe; not explode from the effect of & primer. -

Under service conditi§ns explosions may happen in using hydrogen

— -

peroxide 15 the engine when blasts occur in the combustion chamber,
fho blast wave may bring about an explosive decomposition of the |

peroxldo in the feodlines vhlch may spread to the peroxido tankl.

Hydrogen peroxide vapora are considerably more oxplosivo than
the liquid, - o

Explosion of saturated vapors of water dilutes of hydrogen per-
oxiae trom'oxtornal'itimdrttton(ép&rkl, heating, impact, oto.} |
occurs 1f the vapor contains 30 to.40% peroxide, Such & concentra-
‘tion in vapors from 80 to 85% liquid perdxido is poaalbig only if
the latter 1s heated up to 120 to 12500..-Such temperatures und;r
storage and transport conditlona are seldom attalned, Hovever, a
great explogion hazard nay ariae in the case of fire of the reservolr

when the liquid 1is heated to danserous temperaturen.

Fuels Based on Hydrogen Peroxide

Since a hydrogen peroxide molecule contains a large amount of

- 67 =




active oxygen, the peroxide may be used as an oxidizer of combustibles, - |
_ Moreover, decomposition releases heat energy which may be conveitod ‘ '
'to vork,., Hydrogen peroxide may thereroro be used allo as an oxi-

dizer of blpropellants or, by 1taelr, as a monopropellnnt.

~Table 2”

Power Parameters of Some Ptogéllantl i

Fuel: Kerosene, p, = 20 kg/cm?, Pex” 1 kg/co
. Oxidizer= Specific " Combustion | Specific ) A
Oxidizer ’ to-fuel . weight of temperature - impulse = = ‘1
weight fuel mix~ c ' kg sec/kg o
ratio ture . . : T ' i
. 4 . . i
Liquid oxygen 2,25 1,02 3000 - ' - 250 :
85% hydrogen ‘ : ‘ : : . _ o
peroxide 8.5 , l.28 12300 ‘ 230 ‘)

Nitric acid 50 14 2600 230

We see from the tablg that . in terms of specific impulse.
fuels baﬁed on hydrogen peroxide are not inferior'to nitrié-aoid
fuels while having & considerably lower combustion temberaiuro.

In fact, their comparatlvely low combustion temperature is thoir
great advantage over other fuels, Another positivo aspect of¢ . .
hydrogen peroxide is 1ts relatively h;sh denslty, which is higher |

than the density of oxygen fuels but lower than that of nitric-
acid ones, ‘. ' o

Because of 1ts‘iow corrosive actlon and volatility, hydrogen
peroxlde 1s simpler to store over . long perlods of time in rocket

tanks than 1s nitric acid or 1iquid oxygen. This is of paramount

’
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importance ln the Operation of rocketa vhich must be ready to
launch at any time, ' .

The fact that'ﬁydrosbn peroxide decomposes in the prebehéo of
catalysts permits to have enginea Operaﬁiig_iith that 9:141:5:
without ageocial start igniter. Instesd, the'Qngino can be started
by so-called thermal starting. Hydrogen peroxlde 1s fed .into e
precombustion chamber ta spall space connected with the main .
combustion chamber), where, reacting with a catalyst, it degom-
poses. The hot gaseoﬁa decomposition products are fod ihto the -
main combustion chamber into which, after bﬁIIAfﬁsﬁup;fn}if e
pressure required for normal fuel combustion, fuel is injected,

Thermal igniting is less dhngerous than any other fora of
ignition of rocket engines (pyrotechnical. chemiocal, 010@&210 (
spark, ete.). _ | :

starting of the rocket engino‘is the mos£ dangerous operation
stage vhich frequently onda up in the explosion of the ongine'itsolt.
prlosions may oocour not only in the case of prematuro 1sn1tion.
as mentloned earlier, but also 'in the case of naltunotionlns fuel
or oxldizer cutoff valves., If these valves are not tight, pro=-
pellant componente flow into the combustion chamber prior to start-
ing and accumulate thers. .At start, pressure sharply increases

ané the engine explodss, ‘ ,

‘ In the case of thermal ignition, 1natea&, the 3aaeous‘docompo‘1-
tion products of the peroxide admitted from the ra;étlvé;y small

precombustion chamber %o the main combustion cﬁam‘per'expoll from

the latter any fuel which may have accumulated there at start,
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Thus an explosion oi’ the combustion chamber becomes virt.u.u»ly im-
possidble, Bafe rocket englne etartinsl 1s of pa.rticulax" inport&noe
" for manned vehicles. o ' | | L
Hydrogen peroxide.forms an anergolic ruel with llcohole e.nd
kerosene, and & hypergolic- amt with hydrogen and hymzmo hydrafe.
In World. wap 1II, German air interceptors were povered with . |
fuel consisting of hydrnme nydrate <+ hydrogen peroxide.
The latter is no longer used as an oxidizer of rocket propellantl

[

a.t. the present time, einoe with peroxide :oonoentrau‘oni o#‘ Co e )
8a t.o 85% _gt,fongﬁr ‘these’ propeilanta ‘aré coneiderably °Ieir\ .
poweri‘ul then tholé .. baged on oxygen a.nd nitric aold with
nitric oxidee. However, once opera.tions with 100% hydrogen pero-
xide will become technically possible, its- e.pplication s a com~
ponent of the be.sic propellant. ie not to be excluded, computatione
show that propellants based on 100% hydrogen peroxide are not in-
,rerior, as resarde denslity, to propellants based on nitrie-acid
oxidizers (nitric acid +22% nitric oxides) and excell them by
7T to 9 kg eec/kg specific impulee. ' .

Hydrogen peroxide 18 widely used to obtain vapor/gas for turbo-
punp reed syatems of rocket engines., Propellants for the operation
of TEU;have the follouing speeificationex : eutricientl'y high

)

power factor’e to ensure wim::minimum rate of flow the operation of

' pumps. ;8 relatively low oombust.ion temperature. Hoet wide-
’spread in use a8 a monopropellant driving turbopump units 1s 80 to
85% hydrosen peroxide. Decomposition of 80% peroxide liberot.ee |
vapor/gas at a temperature of 450 to 500°Q.‘ Besides hydrogen '

peroxide, & catalyst 1s used to obtaln vapor/gas. Decomposition

Cu e wemme s e e
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of one kilogram of peroxide requires 0.05 kg of liquid catalyst
consisting of a 35%-alcohol solution of NaknO, (eodium permanga~
nate). ) o - .
Maxinum temperature permitted for the safety of turbinés 1s
1.5 times highor than decompositlon temperaturo of a hydrogen
peroxide solution of 80% strength. Hence, to econonize peroxide
consumption, aqueous solutions of 90% strength are now beins usod
in England and the USA, These solutiona have & higher decomposi~
tion temperature and conaequently, a higher enersy content per
unit of welght

The power factors of monopropellants based on hydrogen .
peroxide can algo be increased by preparing mixtures contuinlnG;
in addition to peroxide and water, such fuol components as éthyl
alcohol, 51yoofino,_acetone. and others, Thus, by 1ntroducing
8% ethyl alcohol in a 50% aqueous solution of hydrogen peroxide,
we'can obtain & monopropellant with a copbustioh temperaturo near
800°C. Such a mixture 1is nere powerful - - than hydrogen
peroxide of 80% strength and 1s safer oo‘handlo.'

section 9. oxidizers of the Fyture
Liquid Ozone

At normal temperature ozone 3,13 a bluish gas 1.6 times
heavier than air. At -112°C and & pressure of 1 kglom ozone
becomes a dark blue liquid, 4 solidifies-at -250°C. Latent
heat of vaporilzation is 47 oalories per klloéram mole, ”Of.all
the possible rocket propellm&@ oxidizers,1iquid ozone 15 the

-7 '; |




most powerful one. Like oxysen polecules, an ozone molecule cen- . '

aietn of oxysen atome alone. NeVertheleae. ozone and oxygen |

have dirrerent chemicnl and physical propertiec, hence pro-

pellante based on then hnve ditferent pover factore. ‘The higher
power ractors of ozone with respect to oxysen are due to two .
reasons: first, ozone forms in conjunction with heat absorption,
1.0,, it is an endotherﬁie'compoquj.seeondly, 1iquid ozone has
an appreclably higher density than liquid oxygen, } _
Since .in the formation of 1 kg ozone fron oxysen'about 720 koal
are absorbed, the same amount of heat 18 liberated when it decom-
poses into oxygen atoms., This means that when a fuel 1s burned’
in ozone, heat 1s llberated not only by the reaction of fuel atoms
combining with those of the oxidizer but also as a result of the .
decomposition of the molecuies of the oxidizer, ozone; Ae e
result, ozone forms with the fuel a propellant with a calorirlo
value 23 to 24% higher than that of oxygen, -
Among rocket propellant oxidizers, ozone 1ia the ;eaet used one
today. The dlfficulty of producing ozone and applying it to rocket
technology 1s due to its exceasively high explesiveneee. - ot
The nature of the explosive decoxposition of ozone remalns
unexplained to thls-day. Apparantly it is either connected with &
the endothermic nature of this compound or its sensitivity to the '
catalyzing action of negligible amounts of admlxtures or else "
combination of these two factors. There exist in the literature
many contradictory views on this subject.
Comprehensive inveetisations into the chemical stability of
.ozone have been conducted 1n.the USA 1n recent years, A nunber of -

authors whose worke were published abroad claim-that they succeeded
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5
in rinding the cause forAinat&bility of 1liquid ozone, It is

gald to be the catalyzing affect of negligib1§ organie admixtures,
'pr;seht in ozone,on the deaompoaitién process, One Amerigan
suthor even describes & .method for obtaininé stable ozone,
~ Oxygen, the mother gas'of ozone, 1a to be puriflied of organie
impurities by passing it at 720°C over copper oxide which, under
these conditions, ruily oxidizes to carbon diexide all'brganic’inpuii-
iies contained in oxygen. Subszequent tests havo shown, however, that
such ozone 8till exploded from the smallest stimulation. Thus,
there are as yet no directions in the literature as to the utili-
zation of liquid 100% ozone as an oxidizer. However, ozone &8 &
component of cémppound oxldizers 1s of conspicuous interest,
At the bolling point of liquid oxygen (~1839C) ozons dissovles

in oxygen forming a homogeﬁeoua mixture. OzZone solutions in
liquid oxygen up to a strength of 25% are fully stable and nearly
insensitive to outside stimulation. Solutlomsof such sfrensth can
be safely pransported and used in rocket englnes.

The power factors of ozone solutions in 1liquld oxygen exceed
those of pure oxygen, The calorific value of propellants balod.
on ozone-oxygen oxidizers (25% solution) exceeds that of oxygen-
base propell#nts by some 5@. Moreover, introduction of that ]
amount of ozone in liquid oxygen increases the éxidizer'a density
by 12.5%. ‘“hese advantages of ozone-oxygen oxidlzers over pure
oxygen may play a decisgive role, all other conditions being equal,
in the attempt to increase the range of rockets, oo

Ozone i1s chemically more active than oxygen, thls belng due
to the pérticuiar structure of 1lts molecules. A number of :ueis,

including unsaturated hydrocartons, may ignite srantaneously on

contact with ozone or a mixzture of ozone and liquid oxygen. Ignition

t
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delay for such hypergolic propellants does not exceed the permissible

tin.. 1.‘., 9‘3 .. .

. ”

Due to the chenical aotivity of ozone, snall amounta of. it‘
(3 to 5%) in oxy n accelerate combustion of tho propellant in the
engine combustioy chamber. An increased burning rate of the pro-f‘:'f'f
pellant permits reduce 1ts stay time in the combustion ohtmbor,
1,0., 1t permitg to roduco the size of the combustion chamber ond,
hence, bulld lighter and more compsact onginoo. |

‘ Despito.thof:bove advantages of ozone-oxysenfnixturol ov‘r

pure oxygen, t&oy are not belng opplied fdn rocket technology as
yet, This is due to difficulties arising in the operation with
such mixtures, The bolling poinf of ozone (-11205) ia_ooosidorably ‘ ;
higher than that of oxygen (-183°C). Hence during protracted . . f
storage or'ozono;oxygen mixtures, oxygen will oviporato first :
while the ozone content of the mixture will increase in time. At s
-183°c up to 25% liquid ozone may dissolve in liquid oxygen., With ’
a'hlgher ozone content, demixing takee place, The bottom layer with
a higher density represents a solution of 55% ozone in oxyson, and.
the top one a 25% ozone solution. Ozcne solutiona in liquia
oxygen with & strength in excess of 55% are aggm homoseneous a.nd
do not demix at -183°C and a pressure of 1 Xg.cn? but, like pure .
' ozone, they are highly explosive. |

Although no efficlent means have been found to this day for
’reducins the sensitivity of ozone and its ooncentrates in 11quid
oxygen to outside stimulation, the high power of rocket propellantl*

based on iiquid ozone induces the Americans to continue the inves-

tigations for its stabllizatlion:.
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é' .Ozone is hig@ly toxic. Amounts of 0,00002% by volume can ‘
 be detected in the air by its characteristic odor, Concentrations
of 0,03% by volume strongly irritate the respiratory sysi.gjpn and
the eye;._ A stay of 2 hours in an atmosphere containing ozone .
in a conconiratlon of 0.04 to 1.0% by volume is f@tsl to man,

By Amerilcan data, the maxlﬁum permissible ozone concqntratlonllu
the air is 0,0001 to 0.00001% by volume. Its toxlcity'exeoodl
that of such & strongly poisonous.substance'éq nitric acid by

tens of tinmes,

Fluorine Oxidizera

The éeneral advantage of. fluorine oxidlzers over oxygen-base
oxidizers: is.their high chemical activity and high  density.
This applies to both oxidizers and propellants based on them,

Among the fluorine compounds of interest as rocket propellant
oxidizers we site slemental fluorine F2. nitrogen trifluoride N?;.

fluorine monoxlide OF., chlorine trifluoride CLF, .and tromine

2!
pentafluorine BrFS.
Among all the fluorine oxidizers the most powe;rul one 1is
elemental fluorine, while bfomine pentafluoride has the greatest
:deﬁsity, In rockets with small~size propellant tanks the latt;r

may be the most sultable oxidizer, -

Liquid Fluorine

Until 1940 elemental fluorine was never practically applied.
Produced in very small anmounts in the laboratory 1%t was chlefly

used in research, But with the development of atomlc Andustry
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there was an 1ncreaaing demand for uranius hexafluoride for the
produotion of which elemental rluorine was required, .Thll lod
to the gearch of commercini methods for obtainins fluorido .and °
*to the study of its prOportiol. Y
| At the present tlno fluorije is produced on a conporolul ‘
scale in the USA. The main raw materlal for its production is
rluorité‘c§F2 from which potassiua fluoride and hydrogen rluoriAO
are produced, From the mixture of tﬁ; latter two, fluorino is
obtained by, electrolylit. |

It vas held until recently that elemental fluorine will
hardly ever be used &s an oxidizer for rocket propgllants. There
were various reasons for this view, E '

It is known that fluorine is chemically the most actlie ele-
ment which re#cts with‘nearly all the substances at amblent-t;m-_
perature. It was belleved that this would make 1t extremeif airei-
cult to chooee the appropriate materials for apparatus and con- ‘

A
tainers. For the same reason fluorine was regarded as the molt lﬁ

:
.toxic substance the handling of which vill be complex and danseroul.
The main reason,however,was that until recently fiuorine was held
to have a low density, . . v '
The density of liquid fluorine at boiling point was determined .
a8 early as 1897 and was taken to be equal to 1.1 kg/liéznz | Y T
less than the density of.1liquid oxygen (l.lé_kg/llﬁbxé and con-
" sidersbly less than that of 11quid fluorine monoxide (1.52 ke/11E%r).
A thorough check ¢onducted by the California Institute of. Technolosy
(USA) in 1952 showed that the density of liquid fluorine at boiling

point 1s 1,51 kg/11€%r, i.e., that 1t is greater than the density
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of 31quid oxygen and close to tha% of fluorine monoxido. Frdl'

. that monent the interest for liquid fluorine as a rookot pro- .

pollant oxidizer sharply increased. ' . .
Until normal conditions fluorine is a yellow-green gas, which

"iliquitiel‘at & pressure 1 kg/cn2 and & températuro of r188.18°c¢
It solidifies at -219°C.

Of all the known chemiéal eleﬁents, fluorine has the most pover-
ful oxidizing actlon., It combines with virtually all elements
and oxldizes them. Even such an slement &s oxygen, which is an
extremely powerful 6x1dizar, ia'oxidized by rluorinp. It bufnl
in a fluorine atmosphere, It was held untll recently that luch
inert gases as argon, xenon, ﬁeon and others are incapable of re-
acting with other substances. It was found, however, that under
specific oonditiona‘rlgorino may react even with these gases.

. This powerful chemical actiyity creates ppecific dirricu1t§og
in using fluorine. The overwhelming zajority of materials does ‘
not withstand contact with liquid fluorine and reacts with it, wr
But since severul metals form during this reaation s rluorino- . ‘
resistant film of fluorid.eas firmly connected with the surface of
the metal and protecting @he latter against the aqtién of rluorihe.
tge problem of fighting its corrosive action was found to be fully

‘solvable. ‘ .

The resistance of metals to fluorine 1s determined by the

’firmnesszof'the connection between‘the‘fluofidé film and the metal

; itself, Such metals asg nlckel.stalnless steel, monel metal, braea,

are_ §uit;aBJ.e
copper and aluminumhmaterials for fittings and containers of llquid

- and saseous fluorine if the latter 1s stored at temperatures no

’ B 3

higher than rocm temperature. At higher temperatures, gdseéua \
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' @re fulfilled: First, the surface in contact vith fluorine must

fluorine is b;tter‘atored An Monel metal containero since 1t
has the beat resistance to the action of both gaseoul and liquid
fluorino. ' ' ' ”

» An packing materials, copper, aluminum and plastica such -
as teflon can be used. It should be noted that teflon and metals

can be fluorlne-reai;tant only 1f the following two requiroﬁento .

be thoroughly cleaned of all impurities; secondly, the material
must not be exposed to the action of a fluorine flow flowing at
& high veloecity.

Any organic .impurities in fluorine act as initiators of the

combustion process. Ignition of impurities 1n‘f1uor1né leads also
to the ignition of the container or feed line material, Hence
equipment operating with both 1iquid and gaseous fiuorino mst i
be scoured, cleaned of all sorte of impurities and éried, 'There-
after the equipment 1s treated with gaseous fluorine diluted with
an inertvgaa. The concentration of gaseous fluorine in the inert
geas is chosen such that it is sufficient to lgnite and urn all
impurities which remain on the surfaces of equipment after its
preliminary cleaning, but not strong enough to ignite thg materigl
of which the equipment 1s made. ‘

As the metal surfaces are.treated with gaseous fluorine there
rper, along with the cleaning of the surface, a fldoride.flln‘

vhich protects the metal against the corroglve action of fluorine.

The surface of equipment operating with fluorine must have an .
excellent mechanical finish which excludes the presence of Dores,
cracks, etc. Welded seams must be checked by x-Tays for the abaence o
of cracks or any inclusions, Any kind of flaws o; the metal surface

<
&
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or the welded seam may become the cause for 1ts ignition on contact
with fluorine. _
'isnition of equipment naterial may also be brought about by

’ # hish-sﬁee# fluorine flow vhigh, obviously, w#§h§psgway tho’pro-
tective fluorido‘tilm at sone ngts of tﬁe metal nuifaco which
then become ignition qentera. If for some Ireason a Qot@l is 15-
nited in a fluorine stmosphere, 1t will violently burmed until /.
all of the fluorine is exhausted or all of the metal burns out,. -

Like quuid'oxjgen, 1iqulid fluorine continuousgly boils li=-
berating extremely poisonous vapors which{ at the same time, are
highly inflammable, ‘ .

Storage, transport and filling of liduid fluorine are in- -
cobparably more complex than those of 1llquid oxygen. ©Small spill-
ings of small liquid fluorine are usually neutralized by sodium
bicarbonate which not only neutrallzes rluoriné but helps ex-
tinsuihhins the fire breaking out as a result of the ignitlon of
organic. substancos on contact with liquid fluorine. Reacting vith
the latter, sodium bicarbonate releuses carbon dioxido which, as

is known, 1s & rire extingulsher,
In the USA lgquid'fluorine is stored and tp;nsported in a
. supercooled staté, i,e,, at & temperature below its boiling polnt,
For this re;son containers of several tons' capacity are made up
. of three tanks placed one within the otﬂer. Liquid fluorine 1is
‘.tllled in the innermost tank, and.the'coblant (usually liquid
nitrogen) in the second one; For insulation, alr is:ramoved from -
the space bétweeu the second and the third"tank whereupon 1t is
filled with heai-insulatins materiel. The innermost containgr
filled with liquid fluorine is hermetically'sealed. Because 6?
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the difference in the bolling point of liquid nitrogen and liquid
rluorine (about 13 to 14°). the latter does not boil 1n such con-
' tainerg and, hengce, it does not liberate toxic and inflammablq,
vaporb.- COntainers‘so'designed are suitable for storiﬁs liquid
o rluorine in varehouses or for its transport by truck or rail, o
_ To prevent epilling in the case of accidental destruotlon of -: | -
reqdlines,a11‘of'the pipe outletq in reservoirs are made through
the top of the tank.. Unloading from the tank is effacted by
gas (heliuﬁ or'nitrogen) pressurizatlon.’
The following data give us an idea of the toxleity of fluorine,
Concentrations of 25 to 50 parts per 1 million parts.per volume
of air are fatel to man after 15 minutes. Concentrations of
15 to 25 parts per 1 million girts pei volume of air cause heavy .
'1£Juriea to the lungs, and only concentrations of 10 orylell
parte per 1 million pgfts of air per volume 40 not represent a
hazard to man after 15 minutes. ' |
The vapors freed during the boiling of fluorine can be néuira- .
lized;by mixips then with vapors (steau). Fluorine reacts with
vater vapors according to the formula B
- F, HO 2HF  §0,.

As a result, hydrogen fluoride and oxygen are formed. The
former is a lesser hazard to the organism than elemental fluorino,
its toxicity being about 1/10 or"the latter, Mdreove¥,~1t‘1l
¥well miscible with water, hence it éan easily'be transferred in
&queous aolutioﬁs'with thelr subsequenﬁ'néntrallzation (detoxica-
tion), Thisvis,conveniently done with-calcium oxide which trans-
forms hydrogen fluoride in harmless calcium fluoride -

ca0 2HF _ CaF, nao
then testing rocket propellants operating with fluorine,




combuation products of hydrogen in tluorine can be neutralized also:
by this method. - o :

Sncll smounts of 1liquid fluorine can be eliminated by burning
carbon in them. To do this fluorine is apumped uhrough drums cbn-
taining soal, On contaet with tho coal there occurs & reaction ‘
forming a nonitoxie gaseous substance, carbon te;ratluorlde,:rhlep
can be safely released in the alr: \

c ‘2F2, OP;_

As a rocket propellant oxidizer, fluorine, because of its
‘5kc.ption;11y'Zbéyepfulvbreactivity with all the kndwn-fuolq,'
forms hypergolic propellants, COnsequently, reactive engino.
operating with liquid fluorine have no need for special lsnitlng
devices and are therefore much simpler in design.

Propellants based on elemental. fluorine have a.lso hiéher com=~
bustion rates because of the high reactivity of this element,
For “the total combuetion of a fuel with fluorine a shorter stay
time in the engine chamber 18 required than for any other pro-.
pellant. This makes it possible to puild engines with smaller
combustion chamberd than those operating with ox&sen and nitrio-
acld propellants, _ , ‘

Fluorine-bage propellants are only then more powerful than
those based on begén 1f substances wlth a high hydrogen'cohtant
are used as fueI. With hydrocarboh ruelﬁ; fluorine okidizer%
form lneffective‘propellanps.lﬁ ‘

Fof this reason liquid rluorine,’llye othér fluorine oxidiierl,
1s expediently applled with such fuels as ammonia, hydrazine,
and 1liquid oxygen, | .

The propellants formed by fluorine oxidizers with hydrazine
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" derivatives (methyl. hydrazine, dimethyl hydrazine and others) are
less effective since the molecules of these derivatives contain

thbon atoms, It 1s pointed

It 1s pointed out that on the basis of fluorine oxidizers high-. |

1y effective rocket propgllantéxcan'be.formod 1r’meta1§; etale
organic compoubds,or'mgtal'particles suapended'in'11Quid;tuqlq,
e.8., hydrazine or Meiﬁyi hydrazine (metal suspensions) arerused
as fuels, ) . ' o ‘_

Unlike oxides, qetﬁl‘rluorides have, as & rule, a lower
boii;ns point, hénce they will be in a gaseouss state in the cop.’
bustion chamber and the nozzle. Moreover, the same fuels burning
‘An fluorine and in oxygen develop higher timparaturol in fluorine,
and this also ocontributes to the normafion of gaseous ;ombultion Pro=
ducts of metals ahd other highly calorié' aubstances, °

Some substances, such as silioon;.rorm with fluorine compounds

(under the release of large amounts of heat) which are gases even

under normal conditions. Burning of silicon in oxygen forms silicon

dloxide 8192 with a very high bolling point (1900°c). Table 4
gives the bolling points of oxides and fluorides of some fuels which
can be used as rocket pfopellant components,

Table

Boiling Point of some Metal Oxides and Fluorides

'Fuel . Oxide: . Oxide  Pluoride - Fluoride
. . . boiling point
formula boiling point . formula ° .
. 0g _ ‘ c
Beryllium BeO - 3900 ' BeF, . 850
Aluminum Al,03 : 2700 @ AlF, . 1110
Magnesium _ MgO . 2250 MgF2 1110
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. Chtorifs trifluoride

of all tho fluorino compounds thiu 1s tho most 1nterolt1ns f;F
ono as a rocket propolllnt oxidizor. Comparod vlth elenentql
fluorlne, EX is less vaortul sinco its moleculs comprisel c :
chlorine atom which is & very bad oxldizer and propellants. basod"
on it are completely lneffect}ve. Houever, chlorine.ttitluoti‘n
has a cépparatively high bolling point (13.8°C) and a low tem-
perature of solidirication (-111°C) which sfeatly racllitttol
operations a8 compared with other fluorine-base oxidizers. Atr
ambient temperature it can be stored in hermetically sealed bon-
tainers at pressurea up to 2 to 3 kg/en .

In reaotivlty,.ohmorfn.;trlrluoride is second onlj to fluorine,
In fact, 1t reacts with mosf aubatancés. Even water oxldjzes on
contact with it, The combustlon process of vater in chlorlnaftrt-
fluorido is . very violent and is accompanied by a consplouous ro-
leaso of heat and a visible flame. In spite of its high roaotivity.
its storage and transport turned out to be less complex as regardn
its corrosive action on contalners and equipment, than thut ot
such widely used rocket propellant oxidizers as nitric acld and
its mixtures with nitric acids, B ) R

Chlorine trifluoride can be stored for long periods in -con-
tainers made Lr common carbon steel, . A rully satieractory corroslon
resistance to the oxidizer 1s also exhlbited by such metals as
copper, brass, magnesium and others., Stainless steél,=nickel
and Monel metal are also falrly resistant, As packing material
in apparatuﬁ operating with chlorine ttifluoride, copper and teflon
saturated to a strength of 407 with copper fluoride can be used,

This appratus must not be made of glass, asbestos or materiala'
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containing silicon since chlorineitfifluoride,like other fluorine
oxides, reacts vith the substances to form gaseous .silicon rluoriuo.
. Chlorino trirluorldo is as toxloc as fluorine.' It'can only be
handled in apao}al 5as m&sks and protective plothen.‘.Tho:ﬁazard ;
in operating with 1t'arises not only from breataing 1tevvapois‘hut
also from drops hitting clothes, fabrie, th§ skin or rubber whioﬁ
areimmediately ignlted by 1t. Hence 1ts handling requires oxégptional
safety meaeures._ | A ‘

‘ Elimination of largo amounts of it poses-a serlous problon
since there are very few substances which can dissolve .1t without
reacting, It 13 well soluble in carbon tetrachloride aﬁd soﬁo
nitric compounds and doel not react with them 1n the coal, At cer-
tain ration, h;wever, ohlorine trifluorine mixtu:es with thoao
supstancel may explode from compnratively external stizulation

(impact, flame and others).

The propertiés of chlorine trifluoride show, as a whols, that

it has certaln advantages over 1iqu1d fluorine &s regards operation '

\\but its handling is, none the lessa, qulite complex and dangerous,

A feature of this substance 1s its high density (1.78 5/cn3)
compared with that of other oxidizers. The chemical reactivity
of chlorine trifluorlde which creates difficulties in hannling it,
1s actually an advantage when 1t is used 1ln engines, But with all
the known fuels 1ts forms hypergolic propellants with a high birns

ing rate in the combuation chamber,
Fluorine Monoxide

Its molecule conslsts of atoms of . the two most powerful
oxidizers, fluorine and oxygen, Under normal conditiong it 1s a

gas as toxlc a3 pure fluorine,
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Its boiling point is (~145°C.. This chemically stable substance
can be stored ror long periods of timé vithout noticeable docompoul—
» tien in: contuinorl made of stainlonn atool. nickel, or Honol ‘metal,
:Doxuit: of -liquid fluorine monoxlde at boiling point is 1,52 kg/ntm.
1.0.. 1t is almost oqu;l to that of 1iquid elemental fluorine,

Orglnio and snorsanlo combultiblos ignite on contact with it,
Hlndlins of tfluorine monoxidou;“co.olgx and . dangerous aa that
of liquid fluorine, Its itortse;aliko that of liquid fluorine,
requires complox devices by which to maintain low temperaturesiand
provont its vapors from penetrating in tho surrounding air.

rluorino monoxido has al] the oporutional disadvunttsoi of
1iquid fluorins, and, in addition, it Ls noticsably less pewerful,
In faot, it rates betveen 1liquid oxygen and liqulid fluorine in terms
of power and oftioionoy."Tho éﬁormodynamio oomputation of pro-.A
pollnntl based on liquid fluorine, oxygen and fluorine monoxide
with hydrazine at a pressure of 21 ks/cm within the combuation
chamber and 0,84 ka/cm at nozzle exit plane for an engine operating
in the vacuunm yielde the following specific 1m§ulieaz

Liquid fluorine ‘hydrazine...... §17 xg sec/kg
Liquid fluorine monoxide hydrazine 390 kg sec/kg
Liquid oxygen hydrazine 360 kg sec/kg

Thus, fluorine monoxide which 18 appreciably inferilor to
elemental fluorine in terms of power and has virtually nowadvantagen
as regards handling and operating with it, obviously cannot be re-
garded as an especially |ucoo|lru1 rooket propellant oxidiser of
the tuluri.
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Tetranitromethane

Under normal conditions tetranitromethane, c(NO,), 18 ﬁ‘yellov-
green- 11quid which freezes at 13.8°C. . Unlike water, it reducas
1£§ volume at freezing, heﬁca there 1s no danger trat the liquid
miy destroy hermetically sealed contalners if 1t rreezgsflh then,

If heated to about 100 to 12600, ii begins to decompose and
releases nitric oxides, At 126°C 1t boils ané decomposes at the
seme time, .

A feature of tetranitromethane s & rocket propellant oxidizer -
is its great densit&- Moreover, like nitric acid and the oxidizers
baaed on 1t, it has a high boiling point | . |

Compared with nitric acid, it has a very low corrosive action 4‘f
with respect to most materiala. It may ‘be stored and transported ‘ f
in containers of commoﬂ carbon steel., Only copper and its alloys . y

are attacked by this oxidizer,. ' ‘ , . o ;';
| Pure tetranitromethane is a chemically stable substance‘fut'
valka1¢ impurities initiate ita decomposition with the formation--

of exploslive nitroform salts. As a rocket propellant oxidizer,
tetranitromethane has two substantlal diaadvantagea responsgible

for the fact that t;is extremely powerful oxldizer has up to now

not been practlcally employed ln rocket technology: first, it has.

a high temﬁerature of solidification; secondly, hnder specific con-.
~ditions it has a tendency to exploslve decomposition ‘_ l

Ite explosiveness 18 due to its being formed with heat absorption,
1.e., 1t 18 an éndothermic'compoupd. Hence 1ts decomposition,:
accompanied by liberation of heat, takes place accor@ing
to the foliowing equation:'

C(NOp ), —>CO,+ 2N, + 30,
- t Thé-heat released amounts to about 450 kcal/kg.
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It should be noted that explosiveness of pure tatranitro-
methano is low under normal operating conditions of reckct pro-
pollanto. Only a very powerful stimul&fion cag initiato its ox~
ploslive docomposi ion. Addition of combustible impuzities. however,
-_ mako it extremely sensitive to outside stimulatioﬂethA.contont of
-1 to 1.5% of such lydrocarbons as kerosene, 1t reaoily explodes

from the action of a standsrd detonator fuse or even from weaker
stimulstion, B | o
Tho exploeive of tetranitromethano is very destructive, Most
sensitive and destructive are mixtures with hydrocarbon tpols con=-
taining close to 15% of thellntter. Concentrations of greater
strength again rodoce the explosiveness of tetranitromethane, and
with more than 60% hydfocaroon fuels 1t can no longer be exploded
by s standard denonater .fuse, Hence when handling tetranitromethane
it dust be caretully kept free of impurities, especially those of
organic origin, ' .
The explosiveness of tetranitromotnane can be reduced by add-
ing to it nonorganic substances, Alre;dy before World var 1I,
mixtures with 30% 1liquid nitric oxides were téstel in Germoﬂy.. Such
. mixtures are.extremely powerful as rocget propellant oxidizers and
have a low sensitivity to external stimulation, ?hey,oo explode
nevertheless, if stimilation 1ise eufficienfly poverful. A dlisadvantage
of tetranitromethane 1is 1its high freezing point.

Oxidizers based on tetranitromethane with a low freezing point

(of the order of -40 to -50°C) are difficult to develop due to the
fact that in it are well soluble nearly all the hydrocarbon fuels
woile nonorganic substences are almost insoluble, To lower its
freezing point by adding combustibles to it 1s impossible cedause

highly sensitive mixtures are so formed,
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stﬁdles were uncertaken in the USA on the sudblect of lowering
thomfreoging point tetranitromethane. The best results were ob-
. tained wvith 11quid nitrogen tetraoxide . fheso'miitqreé are hot '
only relatively insensitive to external'qﬁimulatioh-b&t,&hef also
_hafo'sﬂlouor rreezlns'pdini‘than pure tettanitiowethune. Thus,
a mixture or 35% nltroéon“tétiioxide and 65% t?trhnitrome#hano has ,
a freez1n5 point near -30°0._ A drawback of these miiyuren is their. | ?"“
high vapor tension and high volatility, For‘thii reason tho; éan '
only be:stored in hermetically sealed containers. : };:
One of tho advantages of tetranitromethane is 1ta low corrosive g
action. H&xtures with nitric oxildes are likely to be more uggrossivo‘
againlt.conatrucﬁion"materiéla. Ajthough unhydrous nitrig oxides
are, like tetranitromethane, non-corrosive substances, even a .‘
slisht moiAiuéo‘content_enhancé; thelr corrosiveﬁesl'by the appotflncot

of nitrie acid. The latter forms in accordance with the following

formlas
H20+ N204 -> HNO + HNO,
Mixutres of tetranitromethane and nitrogen tetraoxido are

more volatile than pure tetranitromethane, The r}rst to evaporate -

are nitric oxides which, if the oxidlzer is stored in a non¥he§net1§

contaner, redu:a:s the nitrogen tetraoxlde content and, -hence,

change the oxidizer' freezing point. To lower its freezing

point, mixtures with methyl nitrate and nitromethane were teated.

.These mixtures are less effective than that with.nitrogen tetraoxide

since their freezing point is higher and they are danseroﬁi;gn

' handling, . = - ‘ o o A
Additivea_loiéring’the~rreez1ng point of tetranitromethane pot_l

only 1mpair some of its operating properties but aiso reduce 1its

power, Rockets operafihg with & fuel based on a tetranitromethane
.cxidizer containing any one of the additives above, have a shorter
' - 88 -
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-;ﬁngo thuﬁ rockets powered by a p:opellant based on pure tetranitro-

‘methane, oxidizer.

-89 -




Chapter IIIX
FUEL S
Combustion 1s a turbulent exothermliec chemical reaction in

the'preeence of a flame. MNost frequently thls reaction occurs

vhen atoms of various elements combine with oxygen or rluorino

atoms, .
. Table 4
Calorific Value of Combustibles :I
Calorific Value of Combustibles, kcal/kg
Combustible | Density, kg/l
In oxygen In fluorine
Rydrogen 0.07 28 700 64 000
Beryllium 1,85 16 150 ' )
Boron 2,30 13 900
Lithium 0.53 10 230 20 800
Carbon 2,25 7 800 ‘ 13 780 i
Aluminum 2,70 7 400 12 190 ,
Silicon 2,40 7 370 12 190
Magnesium 1.74 5 920 .
Titanium 4.50 4 530
: t

‘The e}}ectivenass of & fuel is determined in the first
place by its calorific value and its gas-@eperating capacity.
Table 4 gives the calorific value. of some combustible elements -
burning in oxygen or fluorine. ‘ '

We.can see from the Table that hydrogen has the highest
heating valie, It also lewolves a large amount of gas during .
combustion., However, considerable difficulties arise in the

application of pure liquid hydrogen as & rocket propellant
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component, -On.the dther heand, itélhlxturoa-vitn eoﬁé~§l§henﬁé'have
physlcOechemical.propertlea fully suitahie for this purpose, but"
are less powerful, o ' v
“Second in ci1§ririo value after hydrogen 18 -beryllium,
!bt. neither pure nor in compounds.with other‘subétances,'thio
.elemént can be of any praogicalgvalue as 8 rocket'piopellant
for the following two reasons: 1t'ia highly toxie (thia applies
also to its compounds); aecon@iy, it is very rare and, hence,’
extremel& expensive, |
Boron is slightly less powerful than beryllium but it is
falrly common, hence 1t maj be of practical use as & fuel com-
ponent of rocket propellants,
Carbon has an even lower heating value and a relatively
low gas generating capac1£j. Neveriheless, 1t'1s present in a

large group of chemical combinations known as organic compounds,

Section 10. Fuels of Organic Origin

‘¢

To this class belong, inthe. first place, the various fuels

obtained from the distillation of petroleum and kﬂown as petroleum -

products., Jidely used in rocket technology are kerosenes,

Essentially, these fuels are a mixture'of'chemical-com-

pounds consisting of a highly effective combustible element, hydro-

'gen, and a less effective one, carbon. Fuels of this class are
known as hyérocarbons. The chemica1~cohb1nation of the two elements
above ylelds substances less powerful than elemental hydrogen tat
conslderably‘mbre‘powerful than elemental carbon. Their physico-
chemical prOperples defining the expedlency of thelr utilization
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are incomparably higher than those of carbon and hydrogen,

A1 of the petroleﬁm products used as rocket propeli;nt
" components are 11quids with high boiling points and low tempers-
| tures or_solidiricat;oh, having a falirly high stability .against
dbébmpositlon from heating. A drawback of these fuels is the
1nbt§b111ty of thelr chemlical composltion,hehbe such‘iﬁdices of
a fuel of.” . - the same brand as denalty,:viscoslty, surface
tension and others vary from supply to supply. Thlp, howevér, is
inadmiesible for roaket.propellant components since the 1ndlcéb
.ébove do substantially affect the performance of the engine,

The instability c¢f physico-chemical properties of petroleunm
products can be explalned by the fact that these fuels have an
inhOmosenéous chemleal composlilon and are mixtures of a large
number of hydrocarbons evaporatirg by bolling in a given tem-
pefature range. In producing one and the same fuel brand from petro<
leum or,various..oil‘\fields, constancy of temperatures at the
beginning and the end of the bolling process can be easily main-
tained whefeas, as a rule, the content of the various chemical

compounds in the fuel is not constant. ,

only ﬂhos;ntuéls which .are hosogeneous chemlcal substances and whose

composition'can easily be checked,. can have gtable properties.
Investigations are being conducted in the USA for the synthetic
-productlion of hydrocarbons which by their poﬁer end operational
gpoperties could replace petroleum-type fuels and at the same '’
tlmé';have stable physico-chemlcél propertles not changing from:
suprly to supply. It is planned to use these fﬁels with newly
designed rockeis as well as wlth exlsting ones operating with

petroléumwtype‘fuels. Thuse, for example, & synthetlc hydrocarhon
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ruol is being developed for the "Atlas" rocket powered by a
prOpellant whose fuel component is the RP-1 aircratt ruel. "The .
nov. synthetle fuel will be a compound vith the same phyalco-
chemioul properties as the RP-1. Three hydrocarbone have been
found which can replace the latter, _ |
Inveatigatione 1nto new hydrocarbon fuels are also conducted
‘.1n‘other directions. . As already noted, rocket fuel denaity is
an important characteristic. As a rule, oxidizers have & density
1.5 to 2.0 times that of fuels, thls being a disadvantage comspn to
e1l fuels. Inocreased denslty makes 1t possible to reduce the size
of the rooket by reducing the size of the fuel tank and maintaining
the same useful load and the same range. ‘

High-density hydrocarbon fuels &re chiefly extracted ffom
coal tar. Some of them_pave, besides high density (up to 1.5‘
kg/liter), also high efficiency indices. Thus, e.g., deoahydro-
naphthaline has a calorific value greater than kerosene extracted
fron petroleum. In spiye of their high density, these fuels have
not been practically exploit9d~1n rocket technology as yet bef

_cause of a number of dlsadvantages 1nherent in them, such as high
viscosity, high temperature of solidification, and others,

Alcohols, especially ethyl and methyl alcohol, are the next
class of fuels. They played an important roles as propeliant.
components in the early days of rocket technology.

Aloohol molecules conslet of oxygen, caroon and hyorosen
otome. Sinoe tho conbustible carbon and hydfogen atoﬁs conprised -
in‘aloohols are already part@'oxidized, the heating value of pro-
pellants whose fuels are alcohols, 1s conslderably lower than that
of propellants with hydrocarbon fuels, This we can see from Table 5
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uhich,si#es the .cdlorific value of alcohols compared wita that
of s‘pyerCarboﬁF(kerosene). B ‘

| Table 5 " °

Calorifi¢c Value of Oxygen-Carrying -Propéllnntsl -
' Excess oxidant ratio q'- 1 )

Fuel . Fuel density, kg/1 Propellant density A " Calorific value
- kg/1 kcal/kg
Methyl alcohol 0,796 1.0 1870
Ethyl alcohol 0.8 1.03 2085
Kerosene 0.82 1.07 2400

4
|
Density of alcoholé is ;1rtually the same as that of hydro- l
§arbons. The density of alcohol-base propellants, however, 1is ‘]

lower than that of propellants based on kerosene. This is due to

the fact that the conbustion of a unit of weight of alcbhol requires

a lesser amount of oxidizer than the same amount of kerosene. ‘But,

since the dehsity of any oxldlzer 1is h;gher thap that of the ‘

fuels mentioned , the propeliant with a highér 6¥1dizer contént ' ‘

has a higher density. " . ' '

In the éarly days of rocket techhology, vhen the great

anount of heat liberated per unit volﬁme'of combuspion space

created unsurmountable difficutties in énsuring a reliable cool-

ing for rocket engines, the calorific value of propellants with

glcohol fuels,ﬁas sufficlient, Noreover, to rgduce propellant

combustion teumperature and at the same time improve the cooling

properties of the fuel, water was added to’them. At the present time
thére stll exist jockets powered by alcohol propellants (for
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example, the Ame;ican rocket "Redatone™ with a 480-kmArangb) ﬁut
'f‘;ho new rockets arb'designed for other fuels. At the present
-,qtage of rocketrtgchpology the problem of cooling rocket ehélnea
. épératinz.with highly.caloriric propellahté is fully sdolvable,
Apﬁarently alcohols éé the fuei of rocket propellants have already
become obsolescent. ' |
Amines are the next'cldss of fuels. Ehej are obtained by

replacing in an ammonia molecule NH, two or even three hydrogen

atoms by hydrocarbon radicals, . Depznding upon the amount of hydro-
gen atéms replaced, amines may be primary (only one hydfogen atom
1s replaced by a radical in ammonia), secondary (two atoms are re-
placed) and terﬁiary (all thr?e atoms are repiaced).

There exists g large variety of a:lnes but to rocket techne-
logy only those are interesting which under normal conditions are
llquida with high power ractore.and acceptable operational pro=- '
pertles.

A characteristic of arines distinguishing them from petroleum .
produéts and alcohols is thelr lncreased reactivity’whlch changes
depending on the replacement in the ammonla molecule of hydrogen
atoms by Hydﬁocarbon radica1§;~u . and of the radicals. themselves,

Amines react with nitric-acid oxidizers to form hypergolic '
propellanta. _ , - ‘ |

A disad&antage of anines 1s their considerably higher cost .-
than that of'petroleum products and their high toxleity which
affecté both the unprotected parts of the body and thé resplratory
system, Such an aromatic anine as aniline hgs a toxleity 200

times that of kerosene (i.e., the permissible concentration of

kerosnene vapors in the air 1s 200 times greater than that of
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anilin vapors) agd twice that of such highly toxiec a substance

as nitric acld, The hazard in handling amines 1s assrarated by
vthe fact that unlike nitrlc acid -they have no charecteristlc odor, henoe
a man may operate for some time in an atmosphere polluted with axine
vapors, -be serlously poisoned and suffer the consequences only after_w
some time. Apines hitting unprotected parts of the body do not
strongly irritate them but have the property of penetrating through

the skin into.the organism where they produce harmful effeots,

-

Section 11. Hydrazine Fuelg

The simplest repreeentative of this claea of fuels (hydrazine)
haa the formula H N-Nﬂa. Characteristic for thls substance 1is the

.fact that its molecule contains only one type of epmbustlble atom,

hydrogen, while nitrogen during combustlon only increases gas genera-
tion and evolves in combustion products in a free form. | _ '
'Since the combustiele part of hydrazine ie made ﬁp o 100%
hydrazine, it has a high calorific value. |
Hydrazine molecules are formed from nitrosen and’ hydrosen atoms
under absorption of heat, hence it is an endothermic substance,. this
being the second cause for the substance 8 high calorific value.
Its advantages as a rocket fuel are also its lilgh density
(1.04 kg/liter) and high boiling point (113°¢).
Hydrazine, however, has'censiderable shortcomings. Under
nofmal eonditions it 1s a transparent iiquid rreezing at +1°0.'
Such a high freezing point makes 1t 1ncon§enlent te‘operate with

hydrazine especlially in the winter. If stored or filled into the = ,
rocket during the cold season, 1thmuét be warmed. An even gfeater

drawback 1s lts tendency to explosive decomposition under(heatlns

or from'impacts. There are 2lso other'dieadvantages of lesser
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importance: oxidation:. from the reaction with air oxygen, its
i;hysroscopic nature,- and others, wnich somevhat complicato its
handlins but are rully surmountaﬁlo. . : ’. ;
"Hydrogen: atoms in the hydrazine molecule can be replaced by
other atoms or atom sroups. Ccompounds 4in which hydrogen qtoms
are replaced by hydrocarbon radicals (methyl CH3. ethyl déHS and
others) are known as _ galkylates _ of hydrazine. A number of
then was obtained, and the& difrer~rrom hydfazlne proper by their
physico-éhemical prbpert;es (density, viscosity, etc.) and calorific
value, | ‘ . '
Among these, the most interesting ones as rocket fuels ére

methylhydrazine CH3HN-NH2 and unsynmuetric dlmethylhydrazlng

(CH ) N- NHQ. These substances are less powerful than hydréziné
since their molecules, beside hydrogen, contain & conaiderah&o
amount of carbon which hes an appreciably lower calorific value.
Their advantase consists in the fact that they are liquid bvér

a wide range or temperatures which conslderably facilitates

thelir utilizatlon.

Best known abroad are at the present time the propertles of
unsymmetric dimethylhydrazine. It is a 1llquid freezing at -57. 2 c,
boiling at 63.1°C, with a density of O, 783 ‘xg/liter at 20°C,

Characteristic of dimethylhydrazine is 1ts high reactivity.
Even mofe'tﬁén hydrazine, it combines wilth oxygen from the air
yielding dimét.h}lamine and water. It reacts with carbon dioxide
from the air to form (0H3)2N-NH25602 salts which afe not soluble'.
- in dlmethylhydrazine ané therefore form a 30lid deposit, vhen
stored, dimethflhydrazine must not come in contact with the air

because of i1ts high reactivity, It is best stored under a slight
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pressure from a neutral gas, 6.8., nltrogen._ ]
‘Pure dimethylhydrazine does not attack construct;on materials._
:iSome water in 1t promotes corrosion of alumninum and its alloya.
. It has a rairly high heat resistance and- begins to decomposo
only at about 700 to 800°c. Unlike hydrazine. neither llquid
_nor gaseous dimethylhydrazine explodes from 1mpacta_hut _eaaily

ignites in air (ignition temperature 1%, self'ighitiﬁb at.250?0).'

hence 1t must be regarded as iﬁflammahlo._ - S o

’ Dimethylhydrazine should be stored in spécial containers far
away rfoa other-buildinssmv The containers should be placed under
ground since the smallest spark from static electricity may cause
a fire, . : | -

It can be extingulshed with watep’beins miscible with 1t at
all ratios. Vater G1lutes dimethylhydrazine and cools it at the
same time. .Dii&ted with two or three parts water, it po.longer"
burns in the open alr, Anpother effective extinguisher iq carbon - .
dioxide, vwhereas chemical foams commonly used as fire extinguishers;
are unsuitable for -thls purpase. o '

The high chemlcaifreactivity of dimethylhyérazine makes 1t
a valuable propellant cogponent. with liquid oxygen 1t yields a
propellant with forced ignitlon, and wiph nitric-acid pxidizers
it forms hypergolic propellants, Compared with other self-igniting
components, dimefhylhydrazine has a very shor; 1gn1t;on.delay yith
' _niﬁric-aci& oxidiiers (of the order of‘o OdS.Sec ) vwhich dependa
but slishtly on the temperature of components,-

It is well soluble not only in water but also in hydrocarbon
fuels, It 1f therefore possible to obtain hypergolic fuels based
on dimethylhydrazine with the ald of commonly available and in-

éxpensive petroleum products such as kerosene, Self-ignitingl
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fuels with an acceptable 1gpition delay time (not exceeding 0.03
sec) ﬁre ;btgimhbl; by mixing 1t with keroséﬁe. ‘The content of
thé latter may attain 40f. Dimethylhydrazine-kerosene mixtures
éhaﬁeeﬁtyp};;iéhitlonjdolqy time on contacﬁ iixh‘nitflp-acih '
dxidii@r;fmbpé?tbnuptiy vith increesing ﬁemperatﬁrés than pure
dinethyl hyaragine., E | |

Being & highly toxie substance, it must be handled with the
sreatest care, All hydrazine fuels have the same prqperties ai
alkalis; tut unlike the latter theyucauae no irritation of fho
skin. lNonetheless there must be kept awa& from it because tley
penetrate into the body whére\théy are very harmful, Dihethyl -
hydrazine has a sharp characteristic odor, Yery amall'gmbunts of
it c;n be detected in the airz Toxicity of h&drazine and dimethyl-
hydrazine is twice that of nitric acid. Protective goggles and
glovoi are recommended for the_handliné of snaller:amounté,'whereas
iarser #mounta require protective suits. As soon as‘ﬁimethil;
hydrazine odor is detected in the air, gas masks must be put on,
Spiashee of the substance can be washed from the clothés with large .
amouﬁts of water. Frior to reusing the clothes, they must be
thoroughly washed, Dimethjlhydrazinn is a poverful poison, henﬁé
it ;ai not be poured into the.drain systen urder any circumstance,

-. Sectlon.12. Fuels of the Fﬁturg'

it‘wae sald earller that of all chemical fuela hydrogen has -
the highest calorific value., The ﬁigh efficiency of rocket pro-
pellants based -on hydrogen is due on the one hand to 1ts high
calorific value and; on t-e other, to the low molecular weight

of combustion products formed., It was held until recently that
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under service oonditiona 1iquid hydrogen would be so 1nconvenient

and hazardous %o handle tha» it misht never be. used aa a component

The nain drawback of 1liquid hyd rogen 18 its low boiling point
which 1s -254°c, 1 LI 71°c below that of liquid oxygen, Tis '
cauges difriculties in storing and transporting large amounts of
liquid hydrogon.

Low density (0.07 kg/liter) is aﬁothe: serious disadvantage,
Mixtures\of hydrogen with air over a wide range of ratios l
are hishly explosive and this 15 a third disadvantage creat.ins
conspicuous difficulties, Mixturee containing from & to 74% hydroson'

explode from the smallest shack, impact, spark,

Hazards in handling liquid hydrogen . may arise from contamina-

"tions with oxidizers or from accidental spillings and leaks., To

prevent éxplosions, pipes and containers must periodically be
blown through with an 1nért gasm'In the case of leaks, the prenises

nust be rapidly cleared of hydirogen vapors by means of thorough

‘ventilat;on. To reduce the hazard from explosive air-hydrogen

nixtures, all equipment operating witn.liquid or gaseous hy#rogen'

should be placed out of doors vhere hydrogen vapors can diffuse

. in the alr without creating dangerous concentrations. To pre?ent

Aair oxygen fromn penetrating 1nto the equibment and containers

filled with liquid or gaseous hydrooen, these must alvays be kept

under a small excess pressure,

Practice ahows that hydrogen splllings present no séfiogs
‘hazard if ihere 18 no 1gnition source nearby. Small spillings
evaporate very rapldly and hydrogen diffuses in the atmosphere, ‘
When ignited, 1t burns smoothly, without explosionsl 1Its flamé
1s colorless, hence it is invieible in daylight,
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Storing liquid hydrosen, as any other low-boiling liquiq,
‘entaile evaporization losses, the prevention ot which ls comglic
cated by its extremely low boiling point, _ : g--‘
~ Anong the features of liquid hydrogen as a rocket propellant

component, its high energy and good coolins power should be: noted.
COmpared with hyérazines and petroleunm producta, hydrogen forms
propellants with appreciably high specific impulses.” Yet, they
‘have a very .low density. Hence 1t 1s obvious that 1liquid hydrogen
can ‘'only be effective if used in super-long range rockets for whleh
propellant denslty is far less important than specific impul se,

At the present time, the problems ielatins to storese.
tfansport. transfer as well as groduction of liqﬁid hydrogen are
beslcally solved. The USA are ;ntensively workiné on the‘designrv"
of rocket engines bowered by liquid hydrogen and oxygen. ‘Pratt;
Whitney‘hae developed a react{ve engine vwith a 7-£on thrust which
uses liqulid hydrogen as a fuel and liquid oxygen as the oxidizer, -

The creetion of an operating rocket engine powered by liquid.
hydrogen shows that the difficulties in operating with this fuel
are by no eeans'unsurmounteble. Considering its high energy as
well as the availability and low cost of the raw material for its
production (hydrocarbone derived from petroleum distillation), it
may be expected that. 1t will be videly‘used in-tockét technology in

the near future,

Boron Hydrides

Their molecule comprlses atoms of two elements with the highest
calorific value, boron and hydrogen. Boron, like carbon, forms a

large number of compounds wilth hydrogen which has various physico-
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chemical propertlel.

The energy factora of boron hydrides depend on thelr elomentary

composition, The higher the number of hydrosen atome per boron

hydride fuel, the greatar 1a its calorific valuo and it gas-férmlng

-capacity. o

‘ The simplest representatlve of this clasé of combounds is.
diborane, B HG. under nonmal conditions a gas 1gn1t1ns on contact
with air, COmpounda with a hisher molecular weight are under
normal conditlons elther liquid or solidq, Tpus. pqntaborane,
BgHg, 1s & 1quid boiling at 58°C and solidifying at -47%C. . Its
density at 20°C 18 0,72 ke/liter. Decatorane, By Hy,, 1s a
vhite crystalline solid,

' The most interesting one as a Jet fuel 1s pentaborsne. Its
density is about 10% lees than that of gasoline but its calorific
value excoe&s that of gasoline by 54%. It may be a valuable fuel
rof turvo-Jet and ranm-jet engines, A characteristic feature of
pentaborane 1s its high rate of combustion in the engine chamer,
exceeding by several times that of conventional hydrocarbon fuols;
This property permits the design of engines with shopt combusgtion
'chambers. Consequently, the size of the aircraft itself may also
be considerably reduced. -

Gaseocus and 1iquid boron hydrides are thermally unstable
compounds. On heating they deconpose 80 1ntenslvely that decom~
position occaslonally ends in an explosion. Thils property com-
plicates operations with these compounds, This is further com-
pllcéted by.their exceedingly high toxicity. 1In fact, deSorano
and pentaborane vapors are four to five times more polsonous than
nitric acid vapors.

A dicgadvantage of boran hydridgs 1s their low density. Some
- 102 - |
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of tt.'hem‘have & low self-ignition point. Thus, pentaborane ignites .
':spontﬁneoﬁalf at + 65.5°C. If stored under naturul conditlong,
~ such a. ruel may apontgneously ignite in the summar. i
By replac1n5 1n tho boron.hydride molecule one or aevoral |

hyd;ogen atoms by a hydrocarbon.radlcal vo ean obtain tho 80 f.
called boron hxdridg alkylates vhich have better operational '
characteri.tics than the boron hydrides themselvgt; Alxyl
boron hydride molecules consist of atoms of three elements, boron,
hydrogen and carbon. The presencevdr carbon atoms somewhat
lowefu their calorific value with respect to that of bgron
hjdrides, but at the sanme time 1t‘increases its density, con-
siderably reduces toxicity and increases heat resistance, |

In the‘USA,'~ “*  jet engines are powered by alkyl boranes
of two brands, HEF-2 and EEPF-3. éy the physlco-chemical proQ .
pertiea of these fuels it may be ascumed that HEF-2 1s ethyl )
pentaborane, CoHBcHg and HEF-3 1is sthyldecaborsne, CHsB oHy3. -
Under normal conditions these borohydrocarbons are liquids.
Their density is of the order of 0.8 to 0.83 kg/liter while
that of pentaborane 1is only about 0.62 kg/1liter, Their burning
rate in the engine cowbuetion chamber 1s considarabiy higher -
than that of conventional hydrocarbon rocket fuels.

Introduction of a carbon atom 1n the boron hydride mole-
cule'sharply reduces its toxicity. Thus, if pentaborane is
400 to:660 times more toxic than aviation gasoline, ethylpenta~-
borane is virtually as polsonous as are petroieup products, Boro-
hydroc#rbon fuels have a higher stability than boron hydrides{'
They -do ndt‘éecompose under the effect of maistgre or if heated

to a temperature not exceeding 250%¢, Yet, they have a considerably
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._'for long perlods of time ‘at awbient temperature they are aubject

lower thermal stabillty than hvdrocarbon compounds, If stored

; to polymerizationa which yieldz eolid, ungoluble substances uhioh

-fare being readily deposited The orssonce of lmpurities in boro-
 hydrocarbon compounds enhances polymerization. .

Table 6 glves the calorific valuesof deborene, sdbé"ﬁpro;
hydrocarbon cqmpohpdé‘and kerosene as they burn in oxyé@g,‘  ;1;*fjl

. . . * Ia!gl g
«
. ] ‘
Calorific Value of Boron-Hydrocarbon Compounds and Kerosens

Compound *  Formula Calorific value of fuel
. kcal/kg

Diborane ‘ - B2R§ ‘ 17 390

Methyl diborane * CH3(B2Hs) ‘ 14 400

Tetrasthyl diborans (C2Hs5) BN, ' 11 700

Ethyl diborane . ‘ "C2Hg (B n,) .13 900

Triethyl borane " B( czn3§ . 11 100

Karosene C7816 10 230

We see that the calorifiz value of all the borohydrocarbon
:compounds is hisher than that'.of kerosene but lower than that of
the starting nixture, boron hydride-deborane.

Boron-containing fuels have a high heating value, but they ' r
arc used only yith ram-jet and turbo~jet englnes povered by con-
ventional fuels, the boron-czntaining fuel beilng injected behind
the turbine. These fuels cannot be used with turbo-jet engines as
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:tho baslc fuel since the combustion producta: of boron, boron
Li‘oxldo, has a higﬂ boliling point (1500°d);‘ Hence in the engine
: oombuntion chamber, alons with gases, solid boron oxido partlclol
will be rormed which during paasase of prOpellant oombustion pro- .
‘:Tduotu throush the turbine rorm an. anrustatlon on.the 1mpollor . )
.H‘bladel whlch disrupts the turblne s normal Operation. !

The expedlency of using boron ruela with rocket enginol .
powered by liquid compellants appears to be doubttul, The chief
dlsadvantgso of thegs fuels can in this case be explained by tho
high molecular welght of the combustion products of boron (e.k;.
3203 has ﬁho.molecular weight 60), hence the efficlency of pro-
pellants with boron-containing fuel components exceeds only slight-
ly that of propellants with Fonventional hydrocarbon fuels, '

High energy propellants based on boron hydriﬁes can be oﬁ-
tained if nitrogen-contalning substances are used as oxidizera.

&n such combinations the role of oxldizer 18 played by the -
nitrozen atom,. There 1s reason to belleve that when nitrogen -
oombiuee‘with boron, larse‘amounts_ot'heat are evolved since
boron nitride, B&, appears to be a substance having a gfeat
heat of formation, | '

~ Reaction botween boron‘hydride and nitrosen'hydrlde (ammonia
or hydrazine) takes placo according fo the following equation:

BgHg SNH; —7 5BN +—12H, - |
This ylelds a g8olid, boron nitride, and releases larse amounts of
elenental hydrogen, Hence the mean molecular weight of the
flue gases of such a propellant will be close to that of.hydroseo,‘
viz., 2. Preliminary computations show that despite a’high‘
percehtage by welght of s0lld boron nitride particles, in com-
bustion pfoducts of the propellant boron hydiide plus nitrogen
~ 105 - | _ i




- ; fuel components of rocket propellants as additives in the rorm of-

hydride it will hishly efficient if used in rocket engines. ,
Boron, as well as some metals (aluminum, magneslum). com-

bustion of which evolves large amounts of heat, can be used wlth

fine powders (suspensions) tohliquid hydrocartons. The posslblllty f 2 i
.'or preparing a suspension of petal powders in kerosene with a ; |
solid phaes content up to 50% has been experimentally proved,
Such compounds have a good fluidity which per:cits them to be
normally fed into the combustion chamber of the engine, Com-
bustible suspensions warrant specific impulses in ram-jet air-
craft engines exceeding by 50% those resulting from pure kerosene.
COmbustion of the latter requires appreciably more oxygen than 1k !
combustion of the same amount of metals (3- to 3,5-fold), - Com-

bustible suspensions are therefore particularly valuable for . J

high-altitude flights. The celling of aircrafts powered by such

fuels will be higher than 1f they were powered by conventional
aviation gasoline,
At the present time, aluminum, boron and magnesium are ' ;

technically accessible’ substances considered suitable for pre- . !

paring metal-base roels. Magnesium 1s highly reactive, hence 1t

has also a higher burning rate in the engine chamber. It is

easier groun& into fine powder than ofher metals, this being

one of the primar; condisions fo; preparing suspensions with

acceptable properties (fluidity;'stabilsﬁy, completeness, of

combustion in the engine). For thie reason mesnesium suspensions !
in hydrocarbon fuels are of the greatest lnterest. It should ) |
be borne in mind that metal-base fuels yleld good results only

if used with ram-Jet‘enslnes. Because of the high boiling point
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of metal oxides and the . considerable moleculer weight of com-
bustion produots their use in rocket ensinos is not likely to
.be sxpodiont.

m_mim:

This is one or the possible energy sources for rockot toch-
nolosy. Free rndiclls are fragnents of molecules having no’
charge, ﬁoloouiil oan be disintegrated bj the action or'vation.
fcctors. o,s..hcst. irfadiation, cto. Thus, if a méthyl aloohol
molaoule, OH;OH. 18 heated to high temperatures it wili break up
into radisals, ‘u}o methiyl radiceal 053. and the hydroxyl radioal '
OH, Buch & cleavage requires large amounts of heat, Vhen the
sethyl and hydroxyl radicals recombine there again forms & moles
oule '

013 +  OH —9' OH303

of methyl alcohol. and the amount or heat evolved  is squnl .
to thst. usod for the dissocfation of that molecule, ‘

Free radicals are obtainable not only from molecules of
complex aubetances ut also from those of such simple substances
as hydrosen, oxygen, nitrozen and others. Dissociation of molecule: »
of simple substances yields radicals in the form of free atons,

The state of a substance in the form of rree radicals is
hishiy unstable. At ambient.temperature and pressure, rree .
radicals can practically hot oxist they coubine with each othor_
to form stable molecules and evolve heat. The merit of free .
radicals as. a gource of energy 1s thelr high calorifice valno.

Converslon of one kilogram atomic hydrogen to nolecular hydrogen
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" evolves an amount.of heat equalling 50 000 kllocalorlea‘ ‘Molecular
| »hydroben may during this process attein a temperature or 12 000 C..
‘-Reeombinins of rree atons of other simple aubetances or rragmenta
of molecules of complex substances lnvolves the 11beration of
lesser amounta of thermal enersy than when hydrogen atoms comb&no,ﬁt:
However, free radicals even‘it,obtained from the dissociation
of heavy.moleculea of complex substances have-a heating value 5 .
to 10 times that of common biprOpellantl. '
As an energy source, the applicatlon of free radicals is at
an initial stage, No practically applicable methods for thelr

large~-scale production, lasting storage or measures ensuring aarety e

in handling them have been devised as yet, At the present time
investigations into the nature of free radicals are being con;;
éducted in laboratories abroad, These stﬁdies are being'carried.out
at very low temperatures in a high vacuum,-éince only under these .
conditions a more or less lasting existence of free radicals can
be ensured.

Their durable storage representé one of the toughest:problema.:
Scme samples obtained in the laboratory could be stored,.berore they .
combined, for varying pgriodg of time dépending on storage condi-
tions. Thus, neon atoms from the moment they were obtained in an
unsteady state ﬁntil they convert to a stable condition can be
stored at ~263°C during 25’aec..At ~268°¢ they can be kept qu
years., ' | _' '

As a scurce of energy free radicals are 1ntereét1ns hotAgnly
in thelr pure form but also as mixtureg with conventlonal rockét
- propellant coﬁponents. If, ©.8., “llquld oxyseﬁ'cpntaina ohly
aﬁout 14 free radlcals (atomic oxygen), the energy factors of
propellants based on such an oxidizer (together with a. . fuel)
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will exceed by 20% those of common oxygen propellants with the
Jdentical fusl, B '

#* e = o , .
» : S .

" At the present time the development of rocket teéhhology’r
has reached. very high levels, especially in the Soviet Uﬁion, |
the countf} of the builders of Coammunism, Nanned space—aﬁips
capable of staying in orbit for long perlods of time are evidence
of the fact that the day when man will set foot on other planets
of ‘the solar system and return to the earth is no lonspr far
away.

-The designs of space ships and thelr control systems have
reached a high dsgree of sophistication, as 15 evidenced by'the
successful flights of Soviet cosmonauts, Yet, grest difficuliies
are still in the way of manned flights to other planets of .the
solar system., These difficulties are chlefly due to an 1ﬁsurf1-
'cient‘efficiencyof propellants used at the preseﬁt time by rocket
ﬁechnology. Computaticns show that a space--ship capable of taking
a‘man to the moon and returning him to the earth is bound to have
a considerablé velght, most pf it made up by the propellantﬁl

Liguid rocket propellants in uss today have a comparati%ely_
concentration of energy per unit welshﬁ. Hence any further effortv
to cdnquer outer sbace nust ﬁé‘chiefly almed at devising new
formulas of rocket fueib more efflcient than the existlng ones,
It is pointed out tnhat large-scale application in space rockets
6f prOpeilants baged on fiuorine oxidizers and us;ng liquid hy-
drogen -as a fuel will be possible in the near future. 'Compared

with oxygen—base propellants, and especially those hased on
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nitric aciq, these propellanta are considerably more powerful, -

Yet, even fluorine-baae propellants are not likely to aatisry

the onergy requiremen’oa ror rlight,s to co.eles'cial bodles ag

great distances from the eafth. | ' !f ' L
Utilization of free redicals wnich 1n terns of gnergy a g,.;a s

tens of times the conventional liquid propellants. will be‘thi |

next step in the conquest of outer space. Eveh more tempting

is the application to rocket engines of nuclear fuel provided

the energy contained in it can be put to full use, The solution

of the'prébleﬁ of efficlently using nuclear fuel in rocket engines

will at the same time solve the problem of long-laeting manned

flights in outer space, i.e,, the virtual’ 'establishmeut of

interplanetary co-nunications.
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Footnotes

‘1
In principle, a third method eof obtainins monopropellants is
poseslble., It consists in utilizing the eners{ of free radicals.
At the present time, however. it has no practical value and is-
therefore not shown in Fig. 1 (see Section 12) o s

2
Latent heat of vaporization 18 the amount of heat necessary to

vaporize 1 kg of liquid heated to boiling point,

3
Ideal combustion temperature is propellant combustion tempera-

ture without‘heat loeson.

L

Polymerization is the process combining several molecules into
one larso moleoulo. ‘ : '
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